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Functionalized silica nanoplatform as a bimodal
contrast agent for MRI and optical imagingt
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The preparation of an efficient bimodal single probe for magnetic resonance (MRI) and optical imaging
(QOl) is reported. Paramagnetic properties have been obtained by the non-covalent encapsulation of the
clinically used Gd®* chelate (i.e., Gd-HP-DO3A) within silica nanoparticles through a water-in-oil micro-
emulsion process. To ensure colloidal stability, the surface of the particles was modified by means of
treatment using PEG-silane, and further functionalized photochemically using a diazirine linker bearing
carboxylic functions. Optical properties were obtained by the covalent grafting of a near-infrared emitting
probe (NIR) on the resulting surface. The confinement of Gd complexes within the permeable matrix
resulted in a significant increase in longitudinal relaxivities (>500% at 20 MHz) in comparison with the
relaxivities of free chelate, while the post-functionalization process of PEG with fluorescent compounds
appeared promising for the derivatization procedure. Several physico-chemical properties attested to the
efficient surface modification and confirmed covalent grafting. Preliminary imaging experiments complete
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Introduction

For several decades, magnetic resonance imaging (MRI) has
been used as a reference tool for medical diagnosis by allowing
the tridimensional visualization of various organs and tissues
noninvasively and with remarkable spatial resolution (at the
submillimeter level for the most efficient devices)."” The
intensity of the signal depends on the intrinsic parameters,
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1 Electronic supplementary information (ESI) available: Fig. S1. Additional TEM
images and histograms of empty SiO,-NPs through network formation. Fig. S2:
Stability measurements of PEG-coated SiO,-NPs by DLS. Fig. S3:
Thermogravimetric curve of empty PEG-coated SiO,-NPs systems. Fig. S4:
Surface modification: FTIR spectra of SiO,-NPs, PEG-coated SiO,-NPs and func-
tionalized PEG SiO,-NPs. Eqn (S1)-(S4). Number of Gd*" complexes embedded
inside silica NPs. Table S1: Number of entrapped complexes inside SiO,-Gd-NPs.
Fig. S5: Stability measurements of functionalized PEG-coated SiO,-Gd-NPs by
DLS. Fig. S6: NIR luminescent properties of the multimodal platform: spec-
troscopy and imaging. Fig. S7: Phantoms MRI of SiO,-Gd-NPs vs. free
Gd-HP-DO3A vs. water. Fig. S8: BET characterizations. Fig. S9: In vivo FLIL
Fig. S10: Ex vivo FLI of organs of interest (after 14 days). Fig. S11: In vivo MRI
examination at 9.4 T. Fig. S12: Photoacoustic imaging experiments: PA spectra
recorded on phantom images of NIR-dye PEG-coated SiO,-Gd-NPs at various con-
centrations and evolution of MSOT signal (770 nm). See DOI: 10.1039/
d1nr04972k

This journal is © The Royal Society of Chemistry 2021

this study and confirm the potential of the presented system for preclinical imaging experiments.

namely, the local proton concentration as well as their longi-
tudinal (R,) and transverse (R,) relaxation rates. Depending on
the environment and their dynamics, the relaxation rates will
change according to the nature of the tissue. The specificity of
an MRI exam can be increased by injecting a contrast agent
(CA), which will act as a nuclear relaxation booster.® Typically,
paramagnetic ions are able to enhance both R, and R, by cata-
lyzing the return of water protons to the ground state, thus
improving the image contrast where the ions are located. It is
estimated that up to 40% of clinical MR examinations are per-
formed by using paramagnetic chelates.”” However, as a con-
sequence of the poor sensitivity of MRI, a high local concen-
tration of contrast agent is needed to achieve visualizable con-
trast enhancement.® To improve the relaxivity of a paramag-
netic substance, a conventional strategy is to increase the
molecular weight of the structure to increase the rotational
correlation time value (ie., 7z).”’® If the initial strategies
implied the development of low molecular weight macrocycles
that are able to interact with plasma proteins (e.g., albumin)
in vivo,”'® then current strategies tend towards the design of
macromolecular systems resulting either from covalent graft-
ing of a paramagnetic complex onto a polymeric support (e.g.,
dendrimers),®**™** or from the noncovalent confinement of
the complex within porous and water-permeable supports,™*
(e.g., apoferritin).'®'” Among the different developed systems,
those resulting from the combination of a paramagnetic sub-
stance and inorganic nanoparticles have been extensively
studied and have highlighted promising platforms that are
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able to deliver a large number of relaxophores at the site of
interest."'°72! More specifically, silica NPs (SiO,-NPs) appear
to be particularly interesting supports because they offer many
advantages over other nanosystems, such as tunable and well-
defined structures in terms of size, morphology and
porosity."** In addition, their biocompatibility,'*>*** ease of
surface modification,* " and possibility of entrapping mole-
cules in their cores render SiO,-NPs particularly valuable
materials for biomedical purposes.'»***?7¢ If most of the
systems using silica as a matrix proposed the covalent grafting
of Gd-chelates onto the surface of porous particles, the use of
amorphous silica for the noncovalent confinement of Gd com-
plexes has been poorly studied despite the fact that such a
strategy frees up the surface for other molecules of interest
(e.g., peptides, antibodies, siRNA, ...).

For this study, we proposed to encapsulate the clinically
used Gd-HP-DO3A inside the silica matrix. To ensure aqueous
colloidal stability, the silica surfaces were modified by
PEGylated silane chains. To introduce functional groups of
interest, we decided to explore a non-conventional strategy
which implies the use of a carboxylated photoactivable moiety
(i.e., 3-phenyl-3-(trifluoromethyl)diazirine) in solution. By pro-
ceeding this way, we see an efficient way to anchor ligands
exclusively on the external soluble parts of particles. Because
of its complementarity with MRI, we chose to focus our efforts
on the development of an optical imaging probe, by grafting a
near-infrared luminescent dye (NIR-dye) onto the surface of
the resulting nano-objects. Such modification allowed to
design a prototype for multimodal imaging as a proof of
concept for functionalization procedure. The performance of
the as-prepared nanoplatform as a potential probe was evalu-
ated according to physico-chemical parameters and multi-
modal imaging experiments.

Experimental section
Materials

Hexan-1-ol (99%), Triton™ X-100, ammonium hydroxide
(30-33%), hydrochloric acid (37%), sulfuric acid (95%), gadoli-
nium atomic absorption standard, acetone (97%), sodium
phosphate monobasic monohydrate (NaH,PO,-H,0, 98%) and
sodium phosphate dibasic (Na,HPO,, 99%) were purchased
from Sigma-Aldrich (Belgium). Diethyl ether (99%) was
obtained from Chem-Lab (Belgium). Tetraethoxysilane (TEOS,
99.9%) was obtained from Fluka (Belgium). Cyclohexane
(99.9%) and acetonitrile (99.8%) were provided from VWR
(Belgium). 3-[Methoxy( polyethylenec oxide)propyl] (triethoxysi-
lylpropyl)carbamate (PEG, 2000 g mol™') was purchased from
Biochempeg Scientific (USA). 4-(3-Diazirin-3-yl)benzoic acid
(3H-DiazBA, 97%) was obtained from TCI Chemicals
(Belgium).  N-(3-Dimethylaminopropyl)-N"-ethylcarbodiimide
hydrochloride (EDC-HCl) was purchased from Roth.
ProHance® (Gd-HP-DO3A) was purchased from Altana Pharma
(Belgium). All the materials mentioned above were used
directly, without any further treatment. Stirred cells and mem-
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branes for ultrafiltration (MWCO = 100 kDa) were purchased
from Merck Millipore (USA) and Metrohm (Belgium).
Membranes Spectre/Por® (MWCO = 12-14 kDa) for dialysis
were acquired from VWR (Belgium).

Preparation of empty silica nanoparticles as a control sample
(PEG-coated SiO,-NPs)

Inorganic core preparation. Empty spherical SiO,-NPs were
prepared through a reverse microemulsion-mediated pathway
using TEOS as a silica precursor and ammonia as a catalyst.
The emulsion involved a mixture of cyclohexane (9 mL),
hexane-1-ol (2 mL), Triton™ X-100 (2 mL) and deionized (DI)
water (1 mL) under magnetic stirring at room temperature for
30 minutes. Subsequently, tetracthoxysilane (TEOS;
0.44 mmol; 100 pL) was dropped into the mixture and kept
under stirring for a further 30 minutes. Ammonia (30-33%j;
60 pL) was then added and the media was left at room temp-
erature for 24 hours under gentle magnetic stirring.

Surface modification of SiO,-NPs. The silica surface was
reactivated by adding TEOS (0.22 mmol; 50 pL) to the
mixture followed by silane methoxypolyethylene glycol 2 kDa
(36 pmol; 75 mg) after 30 minutes to produce a homo-
geneous system. The mixture was stirred for 24 hours.
Finally, PEG-coated SiO,-NPs were isolated by precipitation
into acetone/diethyl ether mixture (1:1, v/v), washed five
times with acetone, and finally resuspended in DI water
(5 mL). The resulting suspension was dialyzed (MWCO =
12-14 kDa) at 35 °C against DI water to remove physisorbed
species. After the purification steps, the suspension was cen-
trifuged (2700g, 5 minutes) to remove any agglomerates and
the supernatant was carefully separated and characterized.
'H NMR (500 MHz, D,0) 6 (ppm): [3.7-3.5] (m); 3.4 (s, 3H);
1.6 (q, 2H, J = 7.7 Hz); 0.6 (t, 2H, J = 7.9 Hz).

Surface functionalization with carboxylic groups through
photochemistry process (functionalized PEG-coated-SiO,-NPs)

Carboxylic functions were introduced onto PEG-coated SiO,
nanoparticles by mean of a photochemical treatment in the
presence of a carboxylated diazirine system. The UV-sensitive
4-(3-diazirin-3-yl)benzoic acid (3H-DiazBA) crosslinker was
solubilized in acetonitrile and the same volume of nano-
particle suspension (1%.,) was added to obtain a compo-
sition of acetonitrile/DI water (1: 1, v/v) using 20 pmol of 3H-
DiazBA per milliliter of PEGylated particles suspension. The
homogeneous mixture was then irradiated with ultra-violet
light (365 nm) at a distance of 3 cm from the light source.
Irradiance experiments were performed as a function of time
under ambient atmosphere and continuous magnetic stirring.
Hereafter, the samples treated with 3H-DiazBA were then dia-
lyzed against deionized water (MWCO = 12-14 kDa). The con-
centration of carboxylated groups onto fully PEG-coated SiO,-
NPs was determined spectroscopically by following the UV
absorbance peak of the linker (233 nm). The nanoparticle
density was obtained gravimetrically after lyophilizing of the
suspension followed by a drying step at 80 °C during 24 hours.
'H NMR (500 MHz, D,0) § (ppm): 7.8 (d,J = 8.1 Hz); 7.4 (d, ] =

This journal is © The Royal Society of Chemistry 2021
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8.1 Hz); [3.7-3.5] (m); 3.4 (s, 3H); 1.6 (q, J = 7.7 Hz); 0.6 (t, ] =
7.9 Hz); '°F NMR (470 MHz, D,0) § (ppm): 72.

Synthesis of paramagnetic silica nanoparticles (PEG-coated
Si0,-Gd-NPs)

Stable paramagnetic SiO,-NPs were obtained by replacing
water by a solution of Gd-HP-DO3A (1 mL) in the above-
described protocol. To achieve optimal efficiency, three
samples were prepared using 25, 50 and 100 mM Gd-HP-DO3A
solution in deionized water. Optimizations were performed
using three replicates in each condition.

Preparation of multimodal (fluorescent and paramagnetic)
particles by the insertion of NIR-dyes onto functionalized PEG-
coated SiO,-Gd-NPs (NIR-dye PEG-coated SiO,-Gd-NPs)

Synthesis of NIR-dye. The fluorescent NIR-dye was syn-
thesized according to the route adapted from Choi et al.,*”*®
and described in a recent paper.*® An.. Vis/NIR (abs/em) in
H,0 (nm): 764/785.

Dye coupling. Dark glassware was used to prevent photode-
gradation of the fluorophore during the surface coupling and
purification steps. Amine-bearing NIR-dye were grafted onto
carboxylated PEG-coated SiO,-Gd-NPs using carbodiimide
chemistry with EDC as a coupling agent. Optimal coupling
reactions were obtained using Sorensen buffer (pH 5.8; 25 °C)
as described elsewhere.”® The coupling started with the
addition of the NIR-dye (4.5 pmol; 5 mg) in buffered suspen-
sion of particles, followed by N-(3-dimethylaminopropyl)-N'-

View Article Online

Paper

ethylcarbodiimide hydrochloride (EDC; 250 pmol; 24 mg). The
reaction mixture was maintained under magnetic stirring for
4 h at room temperature. Subsequently, another addition of
EDC (250 umol; 24 mg) was added to the media for a further
4 h. Ungrafted compounds were removed from the suspension
by dialysis (MWCO = 12-14 kDa) followed by membrane fil-
tration (MWCO = 30 kDa) until no emission signal could be
detected. To ensure the efficiency of the process, a negative
control working with a non-EDC activated conditions was per-
formed. Finally, the nanoparticles were concentrated to 3 mL
by stirred ultrafiltration cell device (Merck Millipore).

The entire synthetic process for the preparation of such par-
ticles is summarized in Scheme 1.

Instrumentation

Characterization techniques. Zeta potential and dynamic
light scattering (DLS) measurements of nanoparticles suspen-
sions were conducted using a Zetasizer Nano ZS particle size
analyzer (He-Ne laser, 633 nm) (Malvern Instruments,
Worcestershsire, UK) on diluted suspensions (1 mg mL™"). The
mean hydrodynamic diameter size (DP'S), the size distribution
and the polydispersity index (PDI”"S) of a particle suspension
were measured in aqueous media (water and 0.9% NaCl) at
25 °C. Transmission electron microscopy (TEM) images were
recorded to determine particle morphological details using a
Fei Tecnai 10 microscope (Oregon, USA) working at an operat-
ing voltage of 80 kV. Each TEM specimen was prepared using
silica suspension (20-25 mg mL™") that was dropped onto

Cyclohexane <«—
0, o)
. . D )
w/o microemulsion Hexan-1-ol/  <«—— d W W b
Triton X-100 Gd-HP-DO3A ( ae )
0, N N, OH
| -
Aqueous solution <— ob_/ %
of Gd-HP-DO3A
p| 1-TEOS
2. NH,0H o
i i) 0. 'S 0.
PEG SiO,-Gd-NPs TEOS, SiPEG2kDa l S-PEG N e
@+
COOH
Carboxylated 3H-DiazBA i) 3H-DiazBA e
i ACN:H,0 CFs
PEG SiO,-Gd-NPs o AR
NH A~ NH,
(o}
038, SOz
NIR-dye PEG SiO,-Gd-NPs NH,-NIR-dye NIR-dye O
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b
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\

~

(abs./em.: 764/785 nm)

Scheme 1 Schematic synthetic route leading to the proposed multimodal nanoplatform (NIR-dye PEG-coated SiO,-Gd-NPs). Step (i): Formation of
the w/o microemulsion with encapsulation process during SiO,-NPs formation; step (ii): hydrolysis and condensation of the silica precursor into
aqueous nanoreactors and PEGylation of the nanospheres; step (iii): functionalization through UV-sensitive carboxylated diazirine linker insertion

and step (iv): grafting of compounds of interest (fluorescent molecule).

This journal is © The Royal Society of Chemistry 2021

Nanoscale, 2021,13,16509-16524 | 16511


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr04972k

Open Access Article. Published on 20 Waysu 2021. Downloaded on 01/11/2025 2:38:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

300 mesh carbon-coated formvar grids from Ted Pella Inc.
After slow evaporation of the water in air at ambient tempera-
ture, the particles were observed. Statistical analysis was
extracted from multiple image examination of each sample
using iTEM software (Miinster, Germany). By measuring dia-
meter size over 400 to 500 counted nanoparticles for each
sample, the mean diameter (D™, the polydispersity index
(PDI™) and a standard deviation from the corresponding
particle suspension were calculated.

The specific surface area of empty SiO,-NP and SiO,-Gd-NP
(25 mM in w/o) samples were measured at —196 °C by the
nitrogen adsorption and desorption isotherms using a surface
area analyzer (Micromeritics Gemini 2400 surface analyzer,
Brussels, Belgium). Freeze-drying silica nanoparticles were
first degassed at 150 °C for 48 h under argon gas flow before
analysis. The surface areas were determined according to the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) procedures from the nitrogen adsorption sections of the
resulting isotherms.

Thermogravimetric analyses (TGA) were performed on a TA
Q500 device (TA Instruments, New Castle, United States) in an
ambient atmosphere. Suspensions were dried, and the as-
obtained powders (10 mg) were disposed of in a Platine cruci-
ble. Samples were first heated at 120 °C for 10 minutes at a
temperature elevation rate of 10 °C per minute with an air flow
of 25 mL min~" to prevent solvent residues. Then, a tempera-
ture of 600 °C was reached (heating rate of 10 °C min~") and
maintained for 5 minutes. The mass loss was monitored over
the process. The number of PEG chains (npgg) anchored onto
the silica surface per particle has been estimated through
thermogravimetric analysis using the following equations as
referred to in previously published references.’>*! Since the
organic-to-inorganic ratio is measured from weight loss on the
experimental TGA curve and the molecular weight of the
coating molecule (MFES) is known as shown below (eqn. (1))

MPEG

organic wt% )
VN (1)
MVI:;IPS

inorganic wt%

= NpEG

where it can be assumed that the molecular weight of the
silica nanoparticles (M'*), represented as nonporous spheres,
is approximated with this next relation (eqn (2))

4
MY = oy S @)

where p is the mass density of silica oxide (2.4 x 107> g nm™?),
N, is the Avogadro number and ryps is the particle radius esti-
mated by TEM measurements.

Finally, the PEG chain density onto a single particle (Dpgg
[chain per mm?]) was estimated as (eqn (3))

NpEG
Dppg = . 3
PEG 4nr§Ps ( )

Proton and fluorine NMR spectra were acquired using a
500 MHz Bruker Avance II instrument (Bruker, Germany) oper-
ating at 500.13 MHz ('H) and 470.59 MHz (*°F). NMR samples
were obtained by mixing 540 pl of concentrated NP suspension
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and 60 pL of deuterated solvent. The spectra were recorded at
25 °C in H,0/D,0 (10%) using water "H NMR peak suppres-
sion sequence. Chemical shifts (§) are presented in parts per
million (ppm) referenced to D,O (4.79 ppm, '"H NMR) as the
internal reference. Coupling constants (J in Hz) on "H NMR
are given in hertz and the resonance multiplicity is described
as s (singlet), d (doublet), t (triplet), q (quintuplet), m
(multiplet).

NMR self-diffusion measurements as diffusion ordered
spectroscopy (DOSY-NMR) experiments were conducted at
25 °C on a 600 MHz Bruker Avance spectrometer (Bruker,
Germany) equipped with a field gradient probe using a 2D
STE-LED (stimulated echo-longitudinal eddy current delay)
sequence with a gradient pulse length (6) of 4 ms, a diffusion
time (4) of 500 ms and gradients ranging from 2% to 95%.
The translational diffusion coefficients (D in cm?® s™') were
obtained using the following relation,** (eqn (4))

I=1I, exp’qu(A’ B (4)

where I and I, are the echo intensities in the presence and
absence of pulse gradients, respectively; g = ygd; y is the gyro-
magnetic ratio of the nucleus under investigation and g is the
gradient strength.

Spectroscopic measurements were recorded at room temp-
erature. The crosslinker molecule was quantified by UV absor-
bance measurements (230 nm) after solubilizing various con-
centration of 3H-DiazBA for establishing a linear calibration
curve (coefficient of determination, R* > 0.99). The absorbance
of the NP samples treated with the linker in CH3CN/H,O (1:1,
v/v) was compared to determine their concentration.
Absorbance properties were characterized by a Lambda 35 UV-
visible spectrometer (PerkinElmer, Wellesley, MA) with a scan-
ning rate set at 480 nm min~". Silica contribution was sub-
tracted from the absorbance background. Following the
similar procedure described in the quantification of the linker,
the content of grafted dyes was reached (764 nm). Emission
spectra in the NIR range were recorded on a PerkinElmer LS 55
spectrofluorimeter equipped with a R928 photomultiplicator
(PerkinElmer, USA). The excitation and emission slits were
fixed to 10 nm and the scanning speed was set to 100 nm
min~".

Infrared (IR) spectra were recorded on a PerkinElmer FTIR
Spectrum 100 (Manchester, UK).

The total gadolinium ion concentration of each sample was
determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) analysis under argon plasma on a
Varian Liberty Series II instrument (Varian Inc., Palo Alto,
USA). Briefly, the samples (500 puL) were digested in a mixture
of H,S0, (95%; 300 pL)/HCI (37%; 300 pL) and exposed to
microwave radiation using a Milestone MLS 1200 Mega micro-
wave laboratory station (Analis, Belgium). The volumes of the
resulting acid-treated samples were adjusted to 5 mL using de-
ionized water. Prior to quantification, standards were prepared
from Gd*" single element standard (1001 ug mL ") on diluted
H,SO,/HCIl solution. Calibration curves (R*> > 0.99) using

This journal is © The Royal Society of Chemistry 2021
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different concentration of ions standards were used to deter-
mine the gadolinium ion concentration of our samples for
ICP.

Relaxometric properties including longitudinal (R;) and
transversal (R,) relaxation rates of the aqueous suspension of
each sample were studied adjusting the temperature to 37 °C
(0.1 °C). Both R, and R, were measured at 20 MHz (0.47 T)
and 60 MHz (1.41 T) on Bruker Minispec mq-20 and mg-60
analyzers (Karlsruhe, Germany), respectively. Nuclear magnetic
resonance dispersion (NMRD) profiles were recorded using a
fast field cycling Spinmaster relaxometer (STELAR, Mede, Italy)
measuring longitudinal relaxation rate (R;) over the range of
proton Larmor resonance frequencies from 0.01 to 40 MHz
(0.24 mT to 1 T).

As silica nanoparticles contribute to the water relaxation
rate at low field, NMRD profile of empty non-paramagnetic
SiO,-NPs was recorded, fitted and the diamagnetic contri-
butions were subtracted from the recorded profile obtained for
paramagnetic SiO,-NPs. Specific parameters were fixed (g = 1; r
= 0.31 nm; 7y = 500 ns). Approximated parameters (including
diffusion coefficients, D"™*P) were determined by fitting these
NMRD curves numerically with the MINUIT program. Whereas
the theoretical adjustment of the profile of conventional free
Gd-HP-DO3A was fitted according to the conventional
Solomon-Bloembergen-Morgan relaxation model. R;, R,
values and longitudinal relaxation rates curves were normal-
ized per paramagnetic gadolinium ion concentration. The
relaxivity as defined as the enhancement rates of water protons
per 1 millimolar per L of the paramagnetic center (r; in mM™*
s~') was determined through the following relation (eqn (5))

R;)bs — =r [Gdsﬂ +

(5)

TiObS Tidla
where T are the proton relaxation times of the solvent as the
diamagnetic contribution (RY2 = 0.283 s71).

Phantom imaging experiments. T;- and T,-weighted mag-
netic resonance imaging (MRI) were acquired at room temp-
erature on 1 and 9.4 T devices (ICON 1 T and Biospec 9.4 T,
respectively, from Bruker, Karlsruhe, Germany). At 1 Tesla: T;-
weighted images were recorded using a spin-echo sequence
according to the rapid acquisition with relaxation enhance-
ment (RARE) method (repetition time (TR) = 300 ms, echo
time (TE) = 12 ms, NEX 4, resolution (MTX) = 192 x 128 pm,
FOV = 4.00 x 2.50 cm, slice thickness = 1.25 x 1.25 mm). A mul-
tislice-multiecho (MSME) T,-weighted sequence (TR =
10 000 ms) was acquired using different TEs (210 and 70 ms),
NEX 1, MTX 160 x 96, FOV = 4.00 x 2.50 cm, slice thickness =
1.25 x 1.25 mm. At 9.4 1 Tesla: RARE method (TR = 300 ms, TE
=12.0 ms, NEX = 4, MTX = 192 x 128, FOV = 4.00 x 2.50 cm,
slice thickness = 1.25 x 1.25 mm); MSME T,-weighted
sequence (TR = 10000 ms) was acquired using different TEs
(85.5 ms), NEX 1, MTX 160 x 96, FOV = 4.00 x 2.50 cm, slice
thickness = 1.25 x 1.25 mm. Optical phantoms were acquired
with a Photon Imager Optima (Biospace Lab, Paris, France)
after excitation at 712 nm for a 797 nm emission and data were

This journal is © The Royal Society of Chemistry 2021
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analyzed using M3Vision software (Biospace Lab) by drawing
ROI around each well of the plate. The fluorescent signal was
expressed as photons per second per square centimeter per
steradian (ph per s per cm? per sr). Photoacoustic imaging, as
multispectral optoacoustic tomography (MSOT), experiments
were carried out on a InVision 256-TF instrument (iThera
Medical GmbH, Munich, Germany). Samples were excited
from 660 to 930 nm (5 nm steps) and data were analyzed using
viewMSOT 4.0 software (iThera Medical). Optoacoustic signals
were extracted as MSOT arbitrary unit (a.u.). All phantom
images were recorded at several concentrations in order to
compare the contrast generated by our agent.

Small animal imaging experiments. In vivo experiments were
conducted at the Center for Microscopy and Molecular
Imaging (CMMI, Gosselies, Belgium). Small animal procedures
are carried out in accordance with experimental protocol
“CMMI-2021-01” accepted by the ethics committee of CMMI
(Laboratory Agreement, LA number 15005-89) following
animal ethics rules of the European (86/609/CEE) and Belgian
legislations.

MRI imaging. In vivo Magnetic resonance imaging was per-
formed on 1 T and 9.4 T Bruker devices (ICON and Biospec,
respectively) in healthy hairless SKH1 mice with a total of 6 (n
= 6). Mice were kept anesthetized with isoflurane (2%) vapor-
ized in oxygen (0.5 L min~') delivered through a system
adapted for small animal body imaging, and mice temperature
was maintained by a circulating water warming blanket (9.4 T)
or bed (1 T). A catheter made of a 30G needle (B. Braun 100
Sterican) inserted in a tail vein and connected to a 29G syringe
(Terumo U-100; containing the compound or flushing saline
solution) via a polyethylene tube (Smiths (Portex); 0.28 mm
internal diameter) allowing injection from outside the magnet,
so that mice can remain in the same position between pre-
and post-injection situation. During the whole experiment, the
respiratory rate was monitored. The proposed multimodal
agent was repeatedly intravenously injected in the tail vein of
the animals in a volume of 100 pL (n = 3, 1 T experiments,
thus 4.3 pmol of Gd** per kg weight) or 200 puL (n = 3, 9.4 T
experiments, thus 8.6 pmol of Gd*" per kg weight). At 1 T, T}-
weighted images were collected pre-contrast (day 0) and from
3 minutes to 190 minutes post-injection, with 20 minutes
between each acquisition. One additional acquisition was per-
formed at day 1. Parameters at 1 T (RARE: TR = 300 ms, TE =
12 ms, NEX = 8, MTX = 128 x 216, FOV = 3.30 x 5.50 cm, slice
thickness = 1.25 mm).

Due to stronger contrast effect at low field, main MRI
experiments were carried out at 1 T, with an additional pre-
injection and day 1 post-injection imaging session at 9.4
T. Signal enhancement at this higher field was nevertheless
illustrated in some preliminary experiments after i.v. injection
of a double dose (8.6 pmol Gd per kg) compared to 1 T MRI
experiments, to compensate for the expected loss of contrast
effect. This dose was fractionated in four sub-doses contained
in roughly equal volumes (in fact corresponding to an injec-
tion of the total volume (200 pL) in four progressive steps, with
an image acquisition after each step) to get basic visual infor-
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mation about dose-related signal enhancement properties at
high pre-clinical field in one mouse. Two other mice under-
went a follow-up of signal enhancement in first hours after
injection of this double dose (total n = 3). Parameters at 9.4 T
(RARE T;-weighted: TR = 450 ms, TE = 8.1 ms, NEX = 6, MTX =
256 x 320, FOV = 3.30 x 4.50 cm, slice thickness = 1.00 mm).
Additional sequences were made with the aim of detecting a
nanoparticle-induced negative contrast (T,-weighted), focused
on liver T, value (before and at day 1 after experiments at 1 T
as above mentioned) and in renal pelvis, facilitating negative
enhancement depiction due to a background initially showing
hypersignal on the 7,-W image (in the first hours post-double
dose injection follow-up), also considering the fact that T,
effects are stronger at higher field (shorter T,). Other para-
meters at 9.4 T (RARE T,-weighted: TR = 4270 ms, TE = 75 ms,
NEX = 5, MTX = 192 x 256, FOV = 3.30 x 4.50, slice thickness =
1.00 mm; MSME (multi-slice-multi-echo): TR = 2003 ms, TE =
7.9 ms (%24, thus up to 189.8 ms), NEX = 2, MTX = 192 x 256,
FOV = 3.30 x 4.50 cm, slice thickness = 1.00 mm).

External references were prepared in flexible tubes (poly-
ethylene 1.14 mm internal diameter), containing Dotarem
(Guerbet, 500 mM Gd in stock solution) diluted in water (800x;
thus 0.625 mM Gd), and then mixed with Deuterium oxide
(D,0) for decreasing the number of unpaired protons (able to
respond to RF pulse). One volume diluted Dotarem + 1 (9.4 T
experiments) or 2 (1 T experiments) volumes of D,0O. Images
were collected and analyzed using the ParaVision software
(Bruker), containing the Image Display tool, allowing for
quantifications (signal intensity, relaxation time (depending
on the sequence)) by drawing of regions of interest (ROI) at
adequately selected place on the image. ROI were placed in the
liver, renal pelvis and inferior vena cava, as identified on
image slices. Positive signal enhancement was calculated from
signal intensity measurements in specific ROIs divided by a
signal intensity value measured in the external reference
(“signal/external ref” ratio). Enhancement was then rep-
resented as an evolution in percentage calculated from the pre-
contrast “signal/external ref” ratio.

Optical imaging. In vivo FLI experiments were performed
using a Photon Imager Optima (Biospace Lab) loaded with
4-views module that allow simultaneous view of the fourth
side of the mouse, and data analyze was performed using
M3Vision software (Biospace Lab) (FLI, 4 = 712 nm excitation,
A =797 nm emission). 10 nmol of NIR-dye onto SiO,-Gd-NPs
(45 pL, 230 pM) was injected intravenously. Images were
acquired before (pre-dye) and after injection from 5 min to up
to 21 days. Mice (used for in FLI and supplementary mice)
were sacrificed at different time-points post-injection (i.e., 1 h,
1 day, 2 days, 2 weeks, 3 weeks).

Results and discussion
Surface study: preparation of stable PEG-coated SiO,-NPs

As depicted in Scheme 1, the preparation of the targeted
systems implies:
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i. The encapsulation of paramagnetic chelates within a
silica matrix;

ii. The PEGylation of the resulting objects;

iii. The introduction of functional group by mean of photo-
chemical treatment in the presence of a diazirine clip;

iv. The covalent grafting of a NIR-dye onto the surface of
the carboxylated particles.

In order to facilitate further physico-chemical characteriz-
ations, we decided to optimize the different surface modifi-
cation steps (i.e., PEGylation and the “clipping” step) by using
“empty” non-paramagnetic NPs.

Regarding the synthesis of SiO,-NPs, sol-gel methods using
tetraethyl orthosilicate (TEOS) as a precursor are often preferred
due to the ability to use mild experimental conditions and the
superior control they provide concerning the properties of the
resulting objects.** Considering the well-described mechanism
of the hydrolysis/condensation of TEOS units, it is obvious that
experimental parameters such as pH, concentration, tempera-
ture or the type of solvent will have a significant influence on
the hydrolysis/condensation kinetics and will impact the final
characteristics of the resulting particles.”*™*> Bearing these con-
siderations in mind, we have chosen to carry out the reaction in
water-in-oil (w/o) microemulsion type systems according to a
well-described procedure.*®*°

The general process begins with the formation of a reverse
w/o microemulsion by mixing cyclohexane/hexanol/Triton
X-100/water in a 9/2/2/1 volume ratio. After the formation of
the microemulsion, TEOS is added to the mixture and then
hydrolyzed by alkalizing the medium through the addition of
ammonia. Several studies have described the excellent pro-
perties obtained by using a PEG-based coating, as a conse-
quence of its hydrophilicity, biocompatibility and stealth pro-
perties conferred to the bearing nanosystem.>*>” Indeed, it is
already well documented that a PEG coating, which helps to
reduce nonspecific blood protein adsorption, acts as a protec-
tive layer for phagocyte adhesion.’’**' Consequently, the
surface of the nanoparticles was treated exclusively with PEG-
silane. A chain length of 44 monomer units (PEG 2 kDa) was
considered for the development of the targeted multimodal
platform. At the end of the reaction, the SiO,-NPs were isolated
by precipitation in an acetone/ether mixture, washed several
times with acetone and finally redispersed in demineralized
water before dialysis and characterization.

Good control over the size distribution was confirmed by
transmission electron microscopy (TEM) analysis, for which
uniform spherical objects with a mean diameter D™ = 28.26
+ 3.18 nm (PDI"™™: 1.04) were observed (ESI, Fig. S1f). The
stability and hydrodynamic diameter were evaluated by PCS.
These measurements confirmed the production of well-dis-
persed nanostructures characterized by a single, narrow popu-
lation displaying a mean hydrodynamic diameter close to
110 nm (Fig. S2;+ DR'S: 114 nm; PDIP™S: 0.17).

NMR (Fig. 3a) analysis were used to follow surface modifi-
cation. First, the grafting of PEG onto the surface was assessed
by the presence of the protons expected signals in NMR experi-
ment. Thus, in addition to the presence of a signal at 3.6 ppm
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corresponding to the resonance of the methylene protons of
the PEG unit, we noted the presence of signals at 0.6 ppm and
1.6 ppm attributable to the protons of the methylene groups at
o and P positions of the silica atom, respectively. To determine
the nature of this grafting procedure (adsorption or covalent),
a diffusion ordered spectroscopy (DOSY) sequence was used.
The polymer, whether free-moving or restricted by anchoring
to a nanoscale support, was characterized by different transla-
tional movements, which were characterized by self-diffusion
coefficients (D [m”> s™']) at a given temperature. In this particu-
lar case, the characteristic signals of PEG were compared to
distinguish them according to their molecular translational
diffusion coefficient value (Fig. 1). According to the interpret-
ation of the DOSY spectrum, it appeared that dialyzing the
sample at a slightly higher temperature (i.e., 35 °C vs. room
temperature) is enough to efficiently remove all physisorbed
species. It should be noted that any purification methods per-
formed at room temperature failed to remove free PEG, as indi-
cated by the bimodal DOSY profiles, and percentages as high
as 80% of ungrafted PEG were estimated. After thermal treat-
ment, the fitting appeared linear with an estimated diffusion

coefficient value of 4.1 x 10~ em? s,
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Thermogravimetric analyses (TGAs; ESI, Fig. S31) com-
pleted the characterization by allowing a rough estimation
of the PEG grafting densities at approximately 0.5 PEG
per nm?,

Surface functionalization with carboxylic groups

The PEG-coated SiO,-NPs were functionalized by a photoche-
mical treatment using a carboxylated UV-sensitive crosslinker.
The principle was to take advantage of a bi-reactive linker
which owns an UV light activable function (diazirine) on one
side and a reactive group (carboxylic function) on the other
one. Under appropriate light, the linker leads to photogene-
rated carbene species which randomly insert on compound
located at its close vicinity (i.e., in C-H bonds from the
polymer coating chain). In the present study, the grafting pro-
cedure implied the use of 4-[3-(trifluoromethyl)-3H-diazirin-3-
yl]benzoic acid (3H-DiazBA) linker with a concentration of
2 pumol of 3H-DiazBA per milligram of PEGylated particles, and
activated by irradiating the mixture at 365 nm at room temp-
erature and directly in liquid media.>®™” The introduction of
the linker on the particles was followed by UV spectroscopy
thanks to appearance of a characteristic absorption peak at

D=4.1e-7 cm?/s
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Fig.1 DOSY-NMR experiments. Semilogarithmic plot of echo intensity vs. the square of the gradient strength recorded on PEGylated SiO,-NP

systems after dialyzing the samples (a) at room temperature; (b) at 35 °C.
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233 nm (Fig. 2a). As shown by the irradiation time study,
efficient grafting were reached within less than an hour
(45 min, 95% in comparison to 60 min) (Fig. 2b). To assess the
covalent linkage and the efficacy of the purification steps, we
used a non-irradiated sample as negative control (i.e., a par-
ticles/diazirine mixture that suffered all the experimental
steps, except the irradiation). Hence, we attested the covalent
insertion of the linker on PEG chain and showed success to
eliminate ungrafted linker by dialysis.

Using these conditions, we incorporated 110 nmol of co-
valently grafted linker per mg of PEGylated particles for
further post-functionalization experiment.

The linker insertion was confirmed by FTIR and 'H/'°F
NMR spectroscopy. Using FTIR, we could notice, among
other, the appearance of a band around 1710 cm™" attribu-
table to C=O vibrations of the introduced carboxylic func-
tions (Fig. S41). In the "H NMR spectra, we observed two
major doublets in the aromatic region (Fig. 3b) which are
characteristic of the benzyl ring of the linker. Additional
doublet signals were observed in the aromatic region as a
result of the random distribution of the linker along the PEG
chains. Other signal of interest may be confused with the PEG
massif from 3.8 to 3.3 ppm as well as with the suspension
solvent (H,O/D,0 10%). By integrating one of the aromatic
doublets (7.8-7.4 ppm, 2H), and comparing its intensity to
singlet of the PEG-methoxy group (3.6 ppm, 3H), we could
estimate a ratio of one linker per PEG chain. Finally, the
corresponding '°F NMR spectrum showed an intense peak at
72 ppm which may correspond to the three chemically and
magnetically equivalents fluorine atoms of the linker (result
not shown).
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Encapsulation study: preparation of paramagnetic
nanostructures (PEG-coated SiO,-Gd-NPs)

In addition to providing better control over the size of nano-
particles, water-in-oil microemulsion is particularly effective
for the encapsulation of water-soluble molecules within the
silica matrix.*®>® While the encapsulation of fluorescent pro-
ducts has already been frequently studied,”>***> gadolinium-
based complexes are much less referenced, as this type of com-
pound is preferentially grafted on the surface of the matrix. If
this process is highly effective in improving the relaxivities of
the complex, it should be emphasized that a modification of
the ligand structure is often requested to introduce the needed
functional group to allow coupling, which can lead to a
decreased stability of the complex. In contrast, the confine-
ment of paramagnetic complexes within the silica matrix does
not require any structural modifications and allows the use of
clinically used complexes. Because of its commercial avail-
ability, great stability, and efficiency as a contrast agent, we
chose to encapsulate Gd-HP-DO3A.

To do so, water was replaced by an aqueous solution of the
contrast agent during the emulsion step. To reach the best
relaxometric properties, the initial concentration of gadoli-
nium was varied from 25 mM, 50 mM to 100 mM. Each experi-
ment was performed in triplicate, and each sample was charac-
terized by PCS, TEM and relaxometry. Whatever the con-
ditions, stable colloidal suspensions were obtained as indi-
cated by PCS. Strikingly, an increase in the mean hydrodyn-
amic diameter was observed when increasing the initial Gd-
chelate concentration (Fig. 4a and b). TEM images (Fig. 4c-e)
confirmed this trend by showing particles sizes ranging from
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Fig. 3 Stacked 'H spectra of empty PEG-coated silica nanoparticles (D,O, 500 MHz). *H NMR spectrum (a) before and (b) after photografting
(365 nm, 45 min) and purification step. NMR peak at 2.2 ppm (bottom spectrum) arises from acetone.
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Fig. 4 Comparison of the NP size obtained as a result of the different encapsulation study. (a) Hydrodynamic size distributions (DLS, intensity-
weighted) of NP®/18/25 "MGq particles in aqueous suspension. (b) Histogram of particle size distribution from TEM analysis of the synthetized
NP16/18/25 nmGq The mean particles diameter from statistical analysis of NP*® "™Gd (25 mM in w/o) was 15.91 + 2.85 nm, TEM polydispersity index
(PDITEM): 1.10; D™ of NP "™Gd (50 mM in w/o) = 18.12 + 3.08 nm (PDI"™™™ = 1.09); D" of NP?®* "™Gd (100 mM in w/o) = 25.57 + 5.74 nm
(PDI™M = 1.16). TEM images (scale bar: 200 nm) of the corresponding PEG-coated SiO,-Gd-NPs obtained with (c) 25 mM in w/o, (d) 50 mM in w/o
and (e) 100 mM in w/o (scale bare: 200 nm). Insets show the TEM size distributions determined by statistical analysis. Average D'*™ diameters were

estimated over multiple TEM images recorded for each triplicate.

16 nm to 26 nm (D™ = 15.9 + 2.8 nm; PDI"™™ = 1.1; D" =
18.1 + 3.1 nm; PDI™ = 1.1; D™ = 25.6 + 5.7 nm; PDI"™™ =
1.2). It may appear difficult to explain the reason of such size
differences since microemulsion are dynamic systems.
However, one must remember that the several experimental
parameters such as the intra-micellar pH or the ionic strength
have a strong influence on the hydrolysis and condensation of
TEOS units, thus on the final particles properties.*®

The proton longitudinal relaxivities of the different samples
were determined by means of the acquisition of their NMRD
profiles measured at 37 °C on a per millimolar of Gd*" basis
(Fig. 5). First, it should be noted that all the prepared samples
showed a significant increase in their r; values when com-
pared to those of free Gd-HP-DO3A in all frequency ranges.
Especially at approximately 20 MHz, these values are approxi-
mately 5 to 10 times higher than the value observed for the
free complex and are 3 to 5-fold higher at 60 MHz. The shape
of the overall curves alongside the appearance of a bump
above 10 MHz suggest effective encapsulation within the
matrix as well as efficient water exchange between the inner-
particle water molecule and the outer-particle water.

A decrease in the r; values when increasing the size of the
particle was observed as described elsewhere.*® Since the Gd**

This journal is © The Royal Society of Chemistry 2021

concentration was determined by ICP-AES for each sample, an
estimation of the amount of Gd-HP-DO3A chelates entrapped
inside a single silica particle was approximated assuming that
SiO,-NP cores are monodisperse (ESIf). Herein, smaller
NP'® "Gd systems carried out about ~80 complexes within
their structure, whereas NP'® "Gd contained about more
than ~130 and larger NP*> "™Gd about ~300. Thus, the 1,
increase may be attributed to the smaller particle size
observed when incorporating a lower initial chelate concen-
tration. Considering that the observed boost in relaxivity is
the consequence of an increase in the rotational correlation
time (inner-sphere effect), but also of an increase in the
diffusion correlation time for water molecules (outer-sphere
effect), which are confined and forced to interact for a longer
period with the Gd complex adsorbed to the inner pore
surface,” one may suggest that when decreasing the particle
size, the chelates located on the outer particle shell contribute
to the relaxation to a higher extent in comparison with the
contribution of complexes embedded more deeply (Table 1).
The coefficients of diffusion approximated from the fitting of
NMRD profiles (Table 1; D"®°) confirm this trend by
showing a significant increase (approx. 7 times) when compar-
ing NP'® "Gd and NP*® "™Gd.
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Table 1 Properties of the synthesized PEG-coated SiO,-Gd systems
triplicate)

under different Gd-HP-DO3A concentration in w/o (average values of

Hydrodynamic diameter

Relaxometric measurements
(T=37°C)(s'mM )

(intensity-weighted distribution)  Particle diameter B, =0.47 T By=1.41T
Samples (conditions
during encapsulation)  DP'S (nm) D™ (nm) PDI P r,Para r, P r,Para DNMRP (em? 571
25 mM 33.4+1.2 15.9+2.8 1.1 449+24 61.1+62 17.3+25 127+3 2.5+0.1x10°°
50 mM 39.1+4.6 18.1 +3.1 1.1 42.2+3.9 58.8+11 15.9+3.5 105+3 2.8+0.2x10°
100 mM 66.9 +4.7 25.6 £ 5.7 1.2 289+3.4 43.8+3.2 9.3+2.1 95+4 1.9+ 0.04 x 107°
Gd-HP-DO3A — — — 36 — 3.0 — 3.3x107°

The observations suggested efficient physico-chemical para-
meters of the synthesized PEG-coated SiO,-Gd-NPs systems
using [Gd-HP-DO3A] = 25 mM in the encapsulation step. As a
result, monodisperse and smaller NPs with a mean SiO,-Gd-
NPs particles size of 15.9 + 2.8 nm (PDI"™™: 1.1). From the ana-
lysis of the relaxometric properties, it appears that the proposed
system shows similar or even better longitudinal relaxivities
than systems decorated by Gd-chelates on their outer-shell.*®

The nitrogen adsorption and desorption isotherms are
shown in Fig. SI 5.1 Even if the SiO,-NPs produced by reverse
microemulsion are supposed to be solid and not porous, the
shape of the obtained isotherms suggests the formation of a
mesoporous material.®*® The w/o encapsulation procedure
leads thus to spherical nanomaterial characterized by small
pores (<2 nm) which enable the diffusion of water molecules
while restricting the diffusion of the chelates outside the
matrix.

Preparation and characterizations of the proposed multimodal
nanoplatform (NIR-dye PEG-coated SiO,-Gd-NPs)

With respect to MRI, optical imaging (OI) appears to be a
complementary technique characterized by its high sensitivity.

16518 | Nanoscale, 2021, 13, 16509-16524

Combining MRI and OI modalities within the same probe
offers double tracking possibilities that are particularly useful
for preclinical imaging studies. Near infrared absorbing/emit-
ting chromophores (650-950 nm) are good candidates for
in vivo imaging because of their minimal tissue absorbance
and poor signal-to-noise ratio due to tissue autofluorescence.
For this work, we were interested to work with an analog of
green (ie., the fluorophore
indocyanine,®”° Scheme 1), which is characterized by its
remarkable physico-chemical properties (water solubility, high
quantum yield, etc.) and great photostability.

To reach the desired platform, paramagnetic PEG-coated
SiO,-Gd-NPs were prepared according to the conditions pre-
viously optimized. Briefly, Gd-HP-DO3A ([Gd*'] = 25 mM in
w/o) was directly introduced during the microemulsion step,
followed by the PEGylation. After purification, the PEG corona
was modified by mean of a photochemical process using car-
boxylated diazirine. The targeted fluorescent properties were
obtained by treating the resulting particles with the NIR-dye
and EDC in Sorensen buffer. A similar sample without EDC
was prepared in parallel in order to assess the efficiency of the
grafting conditions and the purification process. After iso-

indocyanine zwitterionic

This journal is © The Royal Society of Chemistry 2021
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lation and purification of the resulting suspension, the
bimodal SiO,-NPs were characterized with respect to stability,
morphology, relaxometry and spectroscopic properties. DLS
measurements were performed before and after functionali-
zation of the silica nanoparticles and assessed the stability of
the suspensions in aqueous and physiological media
(Fig. S67). On the contrary to the control sample, the particles
treated with EDC showed a strong absorption/emission signal
after modification with the NIR-dye (Fig. S7at). By absorption
spectroscopy, we approximated a concentration of approxi-
mately 4 nmol mg™" of particles which correspond to the
functionalization yield (relative to the quantified carboxylic
functions) of 15% (~11 dyes per particle). Optical imaging ana-
lysis of the platform confirmed its detectability at concen-
trations as low as 5 nM in FLI after excitation at 687 nm
(Fig. S7b and ct). The number of counted photons per unit of
time per unit of area while taking into account the spherical
field view of the camera (intensity; photons per s per cm” per sr)
were plotted as a function of scanning wavelength in Fig. S7c.}

As expected according to previous physico-chemical charac-
terizations, phantoms MRI experiments revealed a strong
increase (T;-W) or decrease (7,-W) in the signal at high mag-
netic fields (1 T and at 9.4 Tesla) in-per Gd*" in comparison to
water (Fig. 6) and to free Gd-HP-DO3A (Fig. S87).

Small animals MRI and optical imaging

In vivo evaluations were performed using preclinical MRI scan-
ners (1 T and 9.4 T) and FLI devices. For biodistribution
studies, this version of NIR-dye PEG-coated SiO,-Gd-NPs was
injected intravenously (i.v.) in the tail vein of healthy mice.
Short-term biodistribution studies were performed by FLI
for up to three weeks after iv. injection with NIR-dye
PEG-SiO,-Gd-NPs (0.9% NacCl) (Fig. S91). FLI (phantoms,
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in vivo and ex vivo) experiments on the SiO,-NPs were carried
out under excitation at 712 nm, and the fluorescence was col-
lected at 797 nm. Measurement of signal intensity in the neck
area were used as reference for blood circulating NIR-dye PEG-
coated SiO,-Gd-NPs. Following the i.v. administration, the
whole body of mice become fluorescent, and signal was
increased up to 100% at 5 min, the first measured timing
(Fig. 7a). Then it started to decrease progressively to only reach
the pre-i.v. level at the later timepoints, +25% at 1 day, +7% at
7 days + 2% at 21 days. This indicates a long persistence life of
our NPs into the blood stream. FLI images showed a fast and
strong accumulation into the bladder from the first minutes
that followed the injection to 30 min after (signal increased of
600%). Then mice were allowed to wake up, and the miction
emptied the bladder to a far lower level. Kidneys were also
highlighted after injection and the signal was maximal at the
first imaging time (i.e., 5 min) with an increase of signal inten-
sity up to 150%. The residual signal significantly decreased of
80% after 24 h and reached the basal level (i.e., the neck level).
From this timing, kidneys could not be distinguished anymore
on images. Signal decreased followed the same speed as the
rest of the body (Fig. 7a). Bladder and kidneys observations
suggest a fast clearance of a fraction of NP by the urinary tract.
The liver was also highlighted from the first timing, but the
signal decreased, as compared to kidneys and the neck, much
slowly. At later timings (1 day and later), the liver is still well
highlighted and can be detected to 7 days and more.

At different timing after injection (1 h, 1, 2, 14 and 21 days),
mice were sacrificed after the study, and different organs of
interest were collected and then directly visualized by ex vivo
FLI. Signal was compared to organs coming from a non-
injected mouse and expressed as ratio. One hour after injec-
tion, kidneys are very strongly fluorescent with an increase of

50 uM (b)

y =0.0042x - 0.0434
R?=0.9967

0.0 T T T T
0 50 100 150 200 250
[Gd™] (uM)

y=0.1229x - 0.6507
= 0.9978

o a
o
T T T T
0 50 100 150 200 250

[Gd*] (uM)

(a) T;- and T,-weighted phantom MR images recorded at 1 T (42 MHz) and 9.4 T (400 MHz) of the synthesized MRI/Ol multimodal silica

probe from left to right, of a suspension of 200 pM of gadolinium (11 mg of particles per mL; 46 pM of SiO,-NPs-anchored NIR-dye) and diluted
samples. The images on the far right correspond to a phantom MR image of water (T;-W, RARE sequence and T,-W, MSME). Relaxation rates values
showing the quantitative evolution of Gd** concentration-dependance using (b) T;-W and (c) T,-W (9.4 T).
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FLI signal decrease for 1 hour to 21 days after the injection (n = 3).

fluorescence intensities (more than 400 higher), while spleen,
lungs, heart, liver showed a strong and similar fluorescence
intensities (+100-fold increase) (Fig. 7b). Pancreas showed a
moderate fluorescent intensity (40-fold increase), and duode-
num and muscle the weaker ones (+15-fold increase). At 1 day,
fluorescence intensities of heart, lungs, pancreas, duodenum
and muscle decreased to reach similar values comprised
between 5 to 10-fold. Interestingly, fluorescence intensities of
kidneys dropped strongly to +90-fold, while the liver on
decreased only a little to reach also 90-fold. Fluorescence
intensity of spleen decreased also more slowly than most of
organs and reach 35-fold. Two days after injection, fluo-
rescence intensity of kidneys continued to fall down, while
the liver and spleen were stable. At 2 weeks, most organs
(heart, lungs, muscle, duodenum, pancreas and kidneys)
reached the control level, while the fluorescence signal of liver
is still 5x higher, and interestingly the signal of spleen 8-fold
time higher. Finally, spleen and liver are still weakly fluo-
rescent (ratio of +3) 3 weeks after the injection. Taking
together, these ex vitro results confirmed in vivo observation.
They showed the intense passage of NPs through kidneys just
after injection, and a liver and spleen accumulation a later
timepoints. As compared to muscle as reference organ, there
is no specific accumulation into duodenum, lungs, heart, pan-
creas. Consequently, it seems that a fraction of NPs is cleared
by renal clearance path in the minutes/hour following injec-
tion, and then the persistence fraction of NP accumulated
into liver and spleen. As there is no signal in pancreas and
duodenum, the biliary pathway could be excluded as excretion
route.
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(a) Evolution of the in vivo fluorescence intensity in neck, liver, kidneys over time from pre-i.v., to 28 days post-injection (n = 3). (b) Ex vivo

Weeks after the injection, animals were sacrificed after the
study and different organs of interest were collected in accord-
ance to previously described ethical protocol of the CMMI.
These include muscle, lung, heart, duodenum, spleen, pan-
creas, gall bladder, liver, adrenal gland (right and left) and
kidney (right and left) were visualized by FLI (Fig. S107). In the
spleen from day 14 to day 21 a decrease of 75% was observed.

Vascular enhancement in the 3 first post-injection hours
was monitored with MRI on inferior vena cava in SKH mice
and in main organs implied in nanoparticles elimination and
possible storage/metabolization (kidney, liver). Despite a low
Gd dose (4.3 pmol Gd per kg) regarding usually injected con-
trast agents (tens of pmol per kg), satisfying MR T; (positive)
signal enhancement was measured in vena cava and rep-
resented as the evolution of signal intensity ratio between vena
cava and an external reference, in percentage regarding the
pre-injection value. Signal increase remained nonsignificantly
fluctuating during the 3 h observation, thus stable around a
150% value. No more enhancement could be measured at day
1 after injection, suggesting that nanoparticles underwent
restricted distribution (mainly vascular as could have been
expected from their size) and apparently slow elimination from
this compartment but significant enough to reduce their con-
centration below a detection threshold in MRI 24 h post-injec-
tion (Fig. 8a and b).

Signal measurements were also focused on kidney pelvis as
a clue of their renal filtration and elimination. Represented as
a value calculated the same way as from vena cava measure-
ments, kidney pelvis enhancement was evident and remained
around 90% during the 3 hours of observation, suggesting

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Analysis of positive signal enhancement at 1 T and representative T;-weighted MR images before and during 3 first hours (black sign) + 1 day
after (gray sign) i.v. injection of NIR-dye PEG-SiO,-Gd-NPs (4.3 umol kg™%; signal enhancement data are normalized as a calculated ratio between
respective signals in organs or vessel specific ROIs and in an external Gd-containing reference and represented as a percentage of the pre-injection
value). (a) and (b) concern vena cava (surrounded by a white square); (c) and (d) concern renal pelvis (white arrow points at the renal pelvis); (e) and
(b) concern the liver (white arrow points at the liver on (b)). Mean values + std deviation of the mean are represented on graphs (n = 3).

ongoing renal elimination, allowed by nanoparticle properties
(size, charge, shape) compatible with renal filtration of at least
a part of the injected dose.’® Again, the calculated value did
not reflect any MRI detectable pelvis enhancement at day 1
post-injection, suggesting that most of kidney elimination of
nanoparticles took place in this period of time, possibly due to
their restricted distribution allowing them to mostly remain
directly clearable from the blood vessels (Fig. 8c and d). As an
important organ for distribution and clearance of nano-
particles, signal measurements were also focused on the liver.
Liver is indeed a well perfused organ that has permeable vas-
cularization (sinusoids), which is important for distribution
aspects, and has cell populations (Kupffer cells, hepatocytes)
that will allow uptake and possible storage/metabolization of
the nanoparticles.®" At least, the calculated value reflecting
signal enhancement in liver showed an increase that fluctuates
(maybe due to respiratory motion in this part of the body, that

This journal is © The Royal Society of Chemistry 2021

influences the measured signal) roughly between 15 and 30%
regarding pre-injection value. This enhancement appeared to
be simultaneous to the vascular enhancement observed during
3 hours, suggesting that it was related to the nanoparticle
content of blood and thus to the local distribution of this com-
pound due to liver perfusion and vessel permeability. At day
one, calculated enhancement did not suggest any MRI detect-
able liver retention of nanoparticles (Fig. 8e). It would have
been expected that a portion of the nanoparticle dose remain
in liver sinusoids, possibly taken up by Kupffer cells and/or
hepatocytes, but the amount of compound may be too low to
induce sufficient contrast in the T;-weighted imaging con-
ditions used (indeed, the PEG coating is expected to reduce
such capture phenomena).®

It may also be that the MRI contrast effect of nanoparticles
is decreased when stored and/or metabolized in the liver but it
has to be further investigated. Negative (7,) contrast could

Nanoscale, 2021,13,16509-16524 | 16521
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have been expected to be stronger at 9.4 T, especially when
nanoparticles are accumulated (as it was observed in the
hypersignal background of renal pelvis using double dose, see
further in Fig. S11b and c,7 but no T, value decrease could be
showed in the liver from this higher field at day 1 post-injec-
tion using MSME T,-W sequence (Fig. S11at).

As preliminary observation, progressive signal increase at
day 0 was recorded in vena cava on one test mouse by injection
of 200 pL of compound (total dose around 8.6 pmol Gd per
kg), 50 per 50 uL (1/4, 1/2, 3/4, total); each injection step separ-
ated by one image acquisition (5 min 24 s), meaning that the
whole dose was injected in a total of approximately 20 min.
Data up to 80 min after injection of the total dose were com-
piled for 3 mice and, apart from fluctuations, signal enhance-
ment in vena cava (as reported to an external reference and
expressed as a percentage), remained quite stable as observed
at 1 T, and reached a max mean value situated around 90%,
which appeared to be evident but inferior to the enhancement
value reached with half the dose at 1 T, underlining the
expected lesser positive (T;) effect of the Gd-based nano-
particles at higher field (Fig. S11d-f}). The above-mentioned
signal decrease due to kidney elimination (more evident in
renal pelvis) appeared to be progressively taking place in T,-
weighted MRI (RARE T,-W), probably reflecting accumulation
of nanoparticles in first hours post-injection, being sub-
sequently excreted via the ureter to the bladder (Fig. S11b and
ct) as observed in optical imaging experiments.

From observations performed at 1 T and 9.4 T with NPs
after i.v. injection and from their relaxometric properties at
those fields, it may be suggested that in vivo experiments
seeking T; (positive) contrast should be performed at 1 T with
an adequate dose; that can indeed be relatively low (4.3 pmol
Gd per kg) compared to usual Gd chelates (around 100 pmol
Gd per kg). Their T, effect is stronger at 9.4 T and negative con-
trast should thus more evidently take place (maybe partially
masking positive effect) than at 1 T. However, tissues also have
shorter T), at higher field strength, which narrows possibility of
T, contrast, especially in the liver where NP accumulation can
usually be expected. NP-induced T, contrast was indeed only
depicted in long T, area; the renal pelvis. Conditions for T,
contrast appear to be a compromise between injected dose,
amount of accumulated NPs and basal relaxometric properties
of the tissue where they (momentarily) accumulate. It has to be
noticed that performances (signal/noise ratio, resolution) are
lower on the ICON (1 T) regarding the Biospec (9.4 T), and that
may also influence the selection of one or the other scanner
for in vivo experiments with those NPs depending on requested
image precision.

Conclusions

In this study, the noncovalent incorporation of Gd-HP-DO3A
chelates into PEG-coated silica nanoparticles through a w/o
microemulsion procedure was investigated. By doing so, stable
suspensions exhibiting significantly improved relaxivity values
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were reached. Even if the mechanism is not fully understood,
it is likely that such improvement results from the combi-
nation of inner-sphere (increase of the rotational correlation
time) and outer-sphere (increase of the translational corre-
lation time within the permeable matrix) components. In a
second step, we demonstrated the feasibility of preparing
stable functionalized PEG-coated SiO,-NPs through the
covalent insertion of a carboxylic aryl diazirine photolinker on
the outer coating corona and its coupling with NIR-dyes was
then performed. The as-proposed nanosized platform exhibi-
ted remarkable fluorescent properties within the NIR window
as well as promising high per-gadolinium r, relaxivity, demon-
strating the feasibility of using such platform for optical and
MR imaging. The strong brightening signal using classical T;-
weighted sequences were notable, even at 9.4 T. If it is clear
that early diagnosis of molecular events studies using such
platform is of great interest, further studies will focus on the
development of surfaces that can be post-derivatized for mole-
cular imaging. Interestingly, as a complementary method for
fluorescent probes, optoacoustic tomography (MSOT) as an
emerging preclinic imaging modality show promising interest
(i.e., non-invasive, high sensitivity, penetration depth in tissue
up to several centimeters) for further molecular imaging appli-
cation. On the basis of optical and acoustic properties of the
NIR-dye, some preliminary recorded phantoms experiments
completed the study (Fig. S127).
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