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Rare-earth (RE) based inorganic nanoparticles (NPs) are emerging nanoprobes, which have been widely

explored. Single RENPs as a contrast agent for multimodal bioimaging possess the ability to combine

optical, ultrasonic, magnetic and electronic properties without signal interference. In this study, we

present a versatile strategy for the synthesis of 15 kinds of ultrasmall rare-earth oxysulfide (RE,O,S) NPs
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with a size of 3-10 nm. PVP-coated GdggNd;>0,S NPs with a size of 6 nm are synthesized through a
ligand exchange method and their colloidal stability in culture medium is studied. We demonstrate that
the as-prepared NPs are capable of being employed in both T;- and T>-weighted magnetic resonance,

X-ray computed tomography, photoacoustic, ultrasound, and second near infrared fluorescence

rsc.li/frontiers-materials

Introduction

In recent decades, biomedical imaging technologies have been
exploited for early disease detection and diagnosis. Several
imaging modes such as computed tomography (CT), magnetic
resonance imaging (MRI), photoacoustic imaging (PAI),
positron-emission tomography (PET), single-photon-emission
computed tomography (SPECT), and optical imaging (OI) play
important roles in the observation of the structures and func-
tions of biological systems, and provide important information
concerning the pathogenesis, progression and treatment
of diseases such as cancer."”” Using a monomodal imaging
technique usually cannot meet the requirements of high sensi-
tivity and spatial resolution because of their respective draw-
backs. Consequently, the combination of two or more than two
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imaging. The results pave the way for bioapplications of ultrasmall RE,O,S NPs.

imaging modalities, so called dual- or multi-modal imaging, is
a popular way to overcome these limitations.>* Nowadays,
combining various components into one platform is the most
commonly used strategy to take advantage of their respective
functions. This strategy is impeded by the complicated compo-
sition and synthetic procedure, inevitable interference, poor
reproducibility and uncertain pharmacokinetics, and hence
less accessible for clinical use. Alternatively, one component
with multiple contrasting capacities remains more desirable
due to the lower interference, simpler fabrication, defined
structures, and far better reproducibility than the composite
agents.

Thanks to the development of instruments, OI in the second
near-infrared (NIR-II) biological window (1000-1700 nm) has
attracted much attention because of deep tissue penetration,
low light scattering and autofluorescence interference.’®
At present, many probes, such as small organic molecule dyes,
inorganic quantum dots (QDs), and single-walled carbon nano-
tubes (SWCNTs), are able to generate NIR-II fluorescence.
Among them, rare earth doped nanoparticles (RENPs) have
demonstrated great contrasting powers for NIR-II bioimaging
because of their excellent optical performance such as large
anti-Stokes or Stokes shift, sharp emission profiles, long life-
time, low biotoxicity, and low background autofluorescence
during their detection.*® Generally, Yb®*" or Nd** ions are
singly- or co-doped in RENPs to absorb 980 nm or 800 nm
NIR excitation photons (*F,,, — ’Fs, transition of Yb** ions,
"y, — *Fs), transition of Nd** ions), where low-cost, high-
power diode lasers are commercially available, which makes
RENPs more suitable for bioimaging. Besides, compared to
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fluorescence produced by radiative transitions, the PA signal is
produced by nonradiative decay pathways from the excited state
to the ground state, after absorbing NIR photons. PAI is an
emerging non-invasive imaging tool that can provide large
penetration depth beyond the optical diffusion limit while
maintaining high spatial resolution but the sensitivity is not
always satisfactory. In the same way, ultrasound imaging (USI),
also called echography, often coupled with PAI devices, also
allows extracting deep body molecular imaging data by record-
ing specific echo reflection of pulsed ultrasonic waves using an
endogenous contrast agent like hemoglobin."

For complimentary but non-optical imaging, Gd*" cations
are particularly employed. Indeed, gadolinium possesses excel-
lent paramagnetic properties highly valuable for MRI as well as
X-ray absorption capacities useful for CT in relation to its
significant atomic number (Z = 64)."* In 2014, we proposed to
use NPs based on gadolinium oxysulfide (Gd,0,S:Eu** and
Gd,0,S:Er*",Yb*") for trimodal imaging using T,-weighted
MRI, CT and OL'® Furthermore, this type of lanthanide-
doped Gd,0,S NP has been used for mesenchymal stem cell
labelling, tracking, and UC bioimaging,"*"® showing great
promise for bio-applications. However, the nanoparticles were
synthesized through a complicated solid state sintering
method, resulting in a large size (>80 nm) which led to the
NPs being metabolized and eliminated by the hepatobiliary
system in several months in our recent study." Small (<20 nm)
or even ultrasmall sized NPs (<10 nm) with good water
dispersity could overcome these drawbacks. Thanks to pioneer-
ing works'®'” on the synthesis of rare earth oxysulfide (RE,0,S)
in the presence of high boiling temperature organic solvents,
smaller (5-40 nm) NPs have been prepared. However, a repro-
ducible and general synthesis route for RE,0,S NPs with good
dispersity, uniform size, and steady reaction yield is still very
much needed.'®"’ Besides, the absence of further investigation
of surface modification of these as-prepared RE,0,S NPs limits
their applications in the field of nanomedicine.

In this work, we present a versatile strategy to synthesize
15 kinds of RE,0,S NPs with excellent monodispersity and
small sizes. Furthermore, we have selected Nd-doped Gd,0,S
NPs in particular to carry out full investigations for the follow-
ing reasons: if gadolinium provides contrasting properties
already well known in MRI, neodymium has the double advan-
tage of offering intense emission in the second window of
biological transparency as well as the highest absorption coeffi-
cient of all lanthanides in the NIR area (700-900 nm range),?
thus enabling detection by photoacoustic imaging. On the basis
of transmission electron microscopy (TEM), X-ray diffraction
(XRD) and spectroscopy characterization, we investigated the
effects of size and doping concentration on the NIR-II down-
shifting luminescence intensity of Nd-doped Gd,0,S NPs.
A ligand exchange method was used to render the Gd,gNd; ,0,S
NPs hydrophilic by replacing surface oleic acid with polyvinyl-
pyrrolidone (PVP) molecules. These PVP-coated Gd,, gNd; ,0,S NPs
displayed good colloidal stability in culture medium and low
cytotoxicity on human cells. These NPs were finally proven to be
capable of being employed in five types of imaging configurations:
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NIR-II luminescence, PA, US, MR, and CT. These results are a
major step towards in vivo multimodal bioimaging using ultra-
small RE,O,S NPs as contrast agents.

Experimental

Materials

N,N'-Diphenylthiourea (DPTU), LiOH-H,O0, acetic acid, ethanol,
methanol, chloroform, cyclohexane, KBr powder, and PVP
(Mw = 10000) were purchased from Sigma-Aldrich. Oleic acid
(0A), oleylamine (OM) and tri-n-octylamine (TOA) were pur-
chased from TCI. Milli Q water (18.2 MQ cm, 25 °C) was
produced by the purification system. All rare earth oxides
(RE,0;, RE =Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu) were purchased from Rhoéne Poulenc.
RE(CH;3CO0);-4H,0 was prepared by first dissolving a moder-
ate amount of RE,O; in excess acetic acid solution at 90 °C,
then filtering and evaporating the solution, and finally drying
the resultant slurry in an oven at 70 °C. All chemicals were used
as received without further purification.

Synthesis of ultrasmall RE,0,S NPs

RE,0,S NPs were prepared through a thermal decomposition
method. In a typical synthesis, 1 mmol of RE(CH3;COO);-4H,0,
1 mmol of LiOH-H,0, 3 mL of OA, 7 mL of OM and 10 mL of
TOA were mixed in a 100 mL three-necked round-bottom flask
and heated to 160 °C under an argon flow with constant stirring
for 30 min to form a clear solution. After cooling to room
temperature, an ethanol solution (10 mL) of DPTU (3 mmol)
was added dropwise and stirred for 30 min. The reaction
mixture was then heated to 70 °C and maintained for 60 min
to remove the ethanol. After ethanol was evaporated, the
resulting solution was heated to 320 °C under an argon flow
with vigorous stirring for 60 min, and then cooled down to
room temperature (RT). The resulting NPs were collected by
centrifugation (5000 rpm, 10 min) by mixing with ethanol, and
washed 3 times with both cyclohexane and ethanol. Note that
all RE,0,S (RE =Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu) including Nd-doped Gd,0,S NPs were synthe-
sized under the above-described conditions. For optimizing the
reaction conditions, solvent ratio, and the amount of DPTU,
reaction temperatures and times were varied as described in
the Results and discussion section.

Synthesis of PVP-coated Gd, gNd, ,0,S NPs through ligand
exchange

The ligand exchange method was adapted from a previously
reported protocol®* with slight modifications. First, 10 mg of
NPs were first dispersed in 20 mL of chloroform. After 5 min of
constant stirring leading to a transparent suspension, 10 mL of
chloroform containing 0.25 g PVP was added. Then the mixture
solution was stirred for 72 h at room temperature. PVP-coated
Gd, gNd, ,0,S NPs were precipitated by the addition of 30 mL
of cyclohexane and collected by centrifugation at 5000 rpm for
15 min. The obtained powder was washed with chloroform and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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cyclohexane mixture (1:1, V/V) solution twice, and further
washed with Milli Q water twice. The purified powder was
re-dispersed in water. After that, the suspension was sonicated
for another 30 min to obtain a transparent solution, and finally
stored at ~4 °C.

Cytotoxicity assay

Primary human dermal fibroblasts were isolated from 4-year
old foreskin biopsy commercially available (Icelltis, France).
Human HCT-116 colorectal cancer cells (CCL-247) were pur-
chased from ATCC. These cell types were grown in DMEM
containing 4.5 g L' glucose, GLUTAMax, and supplemented
with 10% heat-inactivated fetal bovine serum, 100 U mL™"
penicillin, and 100 pug mL™" streptomycin. Primary human
umbilical vein endothelial cells (HUVEC) were purchased from
Angioproteomie and grown in the endothelial growth-2 (EGM-2)
medium (Lonza). The cells were maintained at 37 °C under a
humidified atmosphere containing 5% CO,. Throughout the
experiments, cells tested negative for mycoplasma (MycoAlert
mycoplasma detection kit, Lonza). The day before the experiments,
20000 HCT-116 cells, or 5000 dermal fibroblasts, or 10000
HUVECs were seeded in 96 well plates. On the day of the experi-
ment, the cells were incubated for 48 h at 37 °C with increasing
concentrations of PVP-coated Gd,gNd;,0,S nanoparticles, from
0 mg mL™" to 0.1 mg mL ™", Cell viability was then assessed using
the PrestoBlue reagent (Invitrogen) according to the manu-
facturer’s instructions. In brief, after 48 h of incubation, the cell
culture medium was removed and cells were incubated for 30 min
at 37 °C with 100 pL of 1X PrestoBlue reagent diluted in PBS before
reading fluorescence at 560/590 nm on a plate reader (Synergy H1,
Biotek, Winooski, VT, USA). Six biological replicates were produced
and analysed for each condition. A positive control, namely
incubation with 75 pug mL ™" saponin known to induce cell death,
was added to the experiment. Data analysis was performed using
GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA),
and data were expressed as mean + SEM. Statistical comparisons
were performed using one-way analysis of variance (ANOVA),
followed by Dunnett’s post-test in comparison to the control
condition (0 mg mL™"). *p < 0.05, **p < 0.01, **p < 0.001,
and ****p < 0.0001.

Characterization

Nanocrystal size and shape characterization of the RE,0,S NPs
was performed using a transmission electron microscope (TEM,
Phillips CM20 200 kV). The power X-ray diffraction (XRD) patterns
were recorded on a Bruker D8 Advance X-ray diffractometer (Cu Ko
radiation, 2 = 1.5418 A) with a 20 range from 20° to 80° at a
scanning rate of 1° per minute. NIR-II luminescence spectra were
recorded using a spectrometer (Princeton Instruments SpectraPro
HRS 500) and an Nj-cooled InGaAs infrared detector (Princeton
Instruments PyLoN-JR-1.7) using continuous-wave 808 nm laser
excitation (SpectraPhysics Tsunami Ti:Sapphire oscillator).
Dynamic light scattering (DLS) was performed on a Malvern
Zetasizer to determine the hydrodynamic sizes and size distribu-
tions. Fourier transform infrared (FTIR) spectra were recorded on a
PerkinElmer Spectrum 100 FTIR spectrometer and the samples
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were prepared by mixing with KBr fine powder in a pellet.
Magnetic measurements were carried out on a MPMS5 Squid
magnetometer from Quantum design. For ZFC/FC, the sample
was cooled to 2 K prior to application in the field and temperature
scanning. For magnetization hysteresis loops, the field was cycled
between -5 T and 5 T at either 2 K or 300 K. Longitudinal (7;) and
transverse (T,) relaxation times of different Gd concentrations were
measured on an NMR relaxometer (Bruker Minispec 20 MHz,
37 °C) under a magnetic field of 0.47 T. To carry out multimodal
imaging experiments, the PVP-coated Gd,gNd;,0,S NPs with
3 different series of concentrations (Ser. 1 from 0 to 1.1 mg mL ™",
Ser. 2 from 0 to 27.0 mg mL ™", and Ser. 3 from 0 to 30.1 mg mL ™)
were dispersed in 10 wt% gelatin phantoms in centrifugal tubes.
MRI experiments were performed on a BRUKER pharmascan 70/16
system (BRUKER Biospin, Ettlingen, Germany) equipped with a
7-Tesla magnet and 16 cm horizontal bore size. A transmit-receive
volume coil with 40 mm inner diameter was used for all MRI
acquisitions. MRI relaxometry methods were performed to estimate
T, and T, at 7 T, procedures are reported in the ESI.{ X-Ray
tomography scan was carried out on a GERT16 and set from
80 to 140 kV using sample Ser. 2. US (21 MHz) and PA (680-
970 nm) experiments were performed simultaneously using
an imaging platform dedicated to small animals (Vevo LAZR-
X, Visualsonics) (see details in the ESIT) using sample Ser. 3.
NIR-II imaging experiments were carried out on a small animal
imaging system (Series III 900/1700, NIROPTICS) equipped
with a cooled InGaAs camera (900-1700 nm) using the
Gd, gNd,; ,0,S NPs powder. 1% intralipid medium was used
to simulate in vivo conditions.

Results and discussion
Synthesis and characterization of ultrasmall RE,O,S NPs

Ultrasmall Gd,0,S NPs were synthesized through a new high-
temperature decomposition method in the presence of OA, OM
and TOA as surfactants, DPTU as the sulphur (S) source, and
LiOH as the mineralizer (Fig. 1a), where DPTU was for the first
time used in the synthesis of RE,0,S. The as-synthesized NPs
are hydrophobic and can be stably dispersed in various non-
polar organic solvents, for instance, cyclohexane.

The Gd,0,S crystal has a trigonal structure (P3m1 space
group) with Gd>" ions surrounded by four O°>~ ions and three
S*~ ions that form a seven coordinated geometry (Fig. 1b).
All Gd*" ions occupy a 2d site with a symmetry of Cs,.>* Powder
XRD patterns (Fig. 1c) show a set of indexed diffraction peaks of
hexagonal phase Gd,0,S (JCPDS no. 00-026-1422) without the
impurity phase. The intense and broad peaks are evidence of
good crystallinity and small size of the NPs. The typical TEM
image (Fig. 1d) shows that the NPs are nanoplates with a mean
size of 5.9 £ 0.8 nm in diameter (Fig. S1, ESIt). The high
crystallinity of the NPs was further confirmed by measuring the
d-spacings of 0.295 nm, 0.198 nm, and 0.185 nm from HRTEM
images (Fig. 1e and g) which are related to the (101), (110), and
(111) planes of Gd,0,S, respectively. Additionally, the corres-
ponding fast Fourier transform (FFT) exhibits a series of clear
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Fig. 1 Characterization of RE;O,S NPs. (a) Schematic illustration of the synthesis of RE,O,S NPs. (b) VESTA presentation of the crystal structure of
hexagonal Gd,O,S. (c—-g) XRD patterns, typical TEM image, HRTEM image, FFT diffraction and identical planes of Gd,O,S NPs, respectively. (h) TEM
images of 14 kinds of ultrasmall RE;O,S NPs synthesized by the optimized approach.

diffraction rings which can be indexed to the (101), (111), and
(202) planes (Fig. 1f).

In previous synthesis of RE,0,S NPs based on thermal
decomposition of precursors in organic medium, element Sg
powder was reported to be the common sulphur source whereas
some other S containing molecules like Ln[(phen)(ddtc);] (phen =
1,10-phenanthroline; ddtc = diethyldithiocarbamate) were less
used because of their sophisticated preparations. Despite that, it

4112 | Mater. Chem. Front., 2023, 7, 4109-4119

still remains challenging to synthesize nanoscale RE,0,S NPs
with heavy lanthanides'® and steady reaction yield."> DPTU,
reported in other syntheses of metal sulfides, such as CaS,****
has been used in our synthesis and can in situ release H,S at
elevated temperatures.

To achieve monodispersed Gd,0,S NPs, a range of synthesis
parameters were optimized, in which the effect of DPTU was
first studied. TEM images (Fig. S2a, ESIt) and XRD patterns

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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(Fig. S2b, ESIT) show the influence of DPTU on the change of
size, morphology, and phase in the syntheses. It was found that
Gd,O;3 impurities or mixtures were present due to low subs-
titution of sulphur for oxygen; however, higher concentrations
(more than 3 mmol) of DPTU caused smaller size and poor
dispersity maybe because of high concentrations of H,S
released from DPTU. Eventually, 3 mmol of DPTU in the
synthesis was optimal.

Solvents can affect the dispersity, morphology, and crystal-
linity of NPs. As shown in Fig. S3 (ESIt), the influence of various
volume ratios of solvents was studied. We observed severe
aggregation when using 2 mL of OA, which is probably due to
strong interaction between oleate with close distance in the
nucleation and growth stages. The volume of OA was thus fixed
to 3 mL and the volume of OM was gradually increased from
3 to 7 mL, the TEM images show that the uniformity and
dispersity of the NPs were both improved. Unfortunately, the
size of the NPs cannot be tuned by adjusting the solvent ratios
even if the volume of OA was varied from 2 to 5 mL. Besides,
amorphous matter was observed from the XRD pattern in
Fig. S4 (ESIf) when 7 mL of OA was used, which is possibly
due to the too great distance between oleates for nucleation.

Reaction time and temperature can generally influence the
size or morphology of the NPs. By adjusting the reaction time
and temperature, we obtained a narrow size distribution of
Gd,0,S NPs from approximately 5 to 7 nm (Fig. S5, ESIT).
Besides, it was found that LiOH plays a very significant role in
the synthesis. For example, nothing can be obtained without
the addition of LiOH and replacement by NaOH can cause
aggregations and unknown phases. Observation of the essen-
tial addition of alkaline ions is consistent with previous
works.'®19252¢ However, there are controversial points on the
effects of alkali in this respect and further investigations would
be necessary, but they are beyond the scope of this article.

Furthermore, it is essential to investigate the syntheses of
other rare earth oxysulfide NPs because of their high perfor-
mance as luminescent materials for many promising applica-
tions. Then, the optimal conditions for the synthesis of Gd,0,S
were simply applied to that of other RE,0,S NPs. Strikingly, we
obtained the other 14 kinds of RE,0,S (RE =Y, La, Ce, Pr, Nd,
Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, and Lu) NPs (Fig. 1g and
Fig. S6, ESIT) with good dispersity and high crystallinity, and
the mean sizes ranged from ~3 to ~10 nm (Table S1, ESI¥).
All the corresponding XRD patterns of the RE,0,S NPs can be
well indexed to their standard diffraction data (Fig. S7, ESIt).
It is worth emphasizing that not only were heavy lanthanide
oxysulfides (crystallized and nanoscaled Tm,0,S synthesized
for the first time, to the best of our knowledge) readily
prepared but also a high and steady reaction yield (over
70%) for all RE,0,S NPs was roughly estimated, considering
30% of oleates in the final products (according to the previous
thermogravimetric analysis of Ln,0,S by Carenco’s group®’).
These results demonstrate a versatile strategy for the syn-
theses of ultrasmall RE,0,S NPs, which may lead to more
investigations of their optical and magnetic properties at such
a nanoscale.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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NIR-II luminescence of Nd-doped Gd,0,S NPs

To obtain ultrasmall RE,0,S nanoparticles with efficient NIR-II
emission and magnetic properties, we synthesized a series of
NIR-II luminescent Nd-doped Gd,0,S NPs with different Nd
concentrations. As shown in Fig. S8 (ESIt), TEM images show
the change of the size and morphology of NPs with varying Nd
concentrations. It is observed that the morphology is slightly
changed but the size varies in the range of 3-6 nm (Table S1,
ESIT). The diffraction peaks of NPs shift to lower diffraction
angles with the increase of the Nd concentration (Fig. S9, ESIT),
indicating the substitution of larger Nd** for smaller Gd*".
Under 808 nm laser irradiation, the typical downshifting emis-
sion bands of Nd*" at 900, 1078, and 1365 nm were recorded,
as shown in Fig. 2. The three main emission peaks can be
exclusively assigned to the transitions of “F3, — Iy, *F3, —
M11/2, and *F;, — *I33, of Nd*". The integrated downshifting
luminescence intensity of Nd*' first decreases and then
increases with Nd concentration varying from 10% to 100%.
Then the Nd concentration is optimized at 60% (the chemical
composition denoted by Gd,gNd; ,0,S) by overall considera-
tion of concentration and surface quenching, and size
variation.

Surface modification

For the sake of bioimaging application, we synthesized PVP-
coated Gd,gNd, ,0,S NPs through a ligand exchange method,
as shown in Fig. 3a. Fig. 3b and Fig. S10a (ESIt) show individual
OA-coated Gd, gNd, ,0,S NPs with a mean size of 6.0 &= 0.8 nm.
After ligand exchange, the as-prepared PVP-coated Gd,gNd; ,0,S
NPs displayed excellent water solubility without any visible aggre-
gation and the size was calculated to be 5.9 £+ 0.8 nm by TEM
observation (Fig. 3¢ and Fig. S10b, ESIT).

The successful surface functionalization was verified by
FTIR spectra, as shown in Fig. 3d. For the spectrum of
OA-coated Gd,gNd;,0,S NPs, the peaks at 1509 cm ' and
1427 cm™ ' were ascribed to the asymmetric and symmetric
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4 4 £o08]
10 Foo—by 2 \_/
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Fig. 2 NIR-Il luminescence properties. NIR-II luminescence spectra of a
series of Nd-doped Gd,O,S NPs under 808 nm continuous wave excita-
tion. The concentration of all suspensions is 20 mg mL™%,
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Fig. 3 Ligand exchange with PVP. (a) Schematic illustration of the syn-
thesis of PVP-coated GdggNd;>,0,S NPs. (b and c) TEM images of
OA-coated and PVP-coated GdggNd;,0,S NPs. Inset photos show the
dispersity of nanoparticles in cyclohexane and water with the same
concentration of 10 mg mL™", corresponding to before and after ligand
exchange, respectively. (d) FTIR spectra of OA-coated, PVP-coated
Gdp.gNd; ,0,S NPs and PVP.

stretching vibrations of the COO™ group. After PVP exchange,
two peaks at 1648 cm ' and 1394 cm ' appeared, corres-
ponding to the stretching vibrations of C=0O and C-N from
the PVP, respectively. As expected, the carbonyl band shifts to
lower wavenumbers going from free PVP to surface-bound PVP.
In order to confirm the colloidal stability of the nanoparticles
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in the serum-supplemented culture medium, we performed
dynamic light scattering measurements right after mixing and
after standing at room temperature for 24 h. The number-
weighted mean hydrodynamic diameter was found to be
virtually identical at 6.8 and 6.4 nm (Fig. S11a, ESIt) and so
were the correlograms (Fig. S11b, ESIT).

Cytotoxicity assessment

We further assessed the cytotoxicity of PVP-coated Gdg gNd; ,0,S
NPs in vitro either on human HCT-116 colorectal cancer cells or
on normal primary human cells, namely dermal fibroblasts
and human umbilical vein endothelial cells (HUVEC), using the
Prestoblue assay. As shown in Fig. 4, the cell viability of tumour
HCT-116 and normal dermal fibroblasts was statistically reduced,
even at lowest concentrations of PVP-coated Gd, gNd; ,0,S NPs for
48 h. While the viability of cancer cells was 60% at the lowest
0.0001 mg mL ", the viability of healthy dermal cells was 78%,
which highlights the greater sensitivity of cancer cells to PVP-
coated GdygNd;,0,S NPs. Interestingly, endothelial cells lining
the blood vessels, thus the first cells to be in contact with NPs
following their injection into the blood, were not affected by
the concentrations tested. These results obviously exhibited low
cytotoxicity for normal cells together with a pronounced cytotoxi-
city against tumour cells of PVP-coated Gd, gNd; ,0,S NPs within
our experimental concentration range, showing promising bio-
applications for the NPs.

MR and CT imaging

We first measured the magnetic properties of GdggNd;,0,S
using a Squid magnetometer. Zero field cooling/field cooling
(ZFC/FC) sequences revealed no blocking temperature, as is
expected for such particles (Fig. S12, ESIT). Even when studying
pure ultrasmall Gd,0,S, Larquet et al.®® did not detect any
blocking temperature. Besides, the FC and ZFC curves of our
Gd, gNd, ,0,S sample are virtually identical which indicates the
absence of superparamagnetism, and are well fitted by the
Curie law. The Curie constant extracted from this fit is
C = 3.89, which is in good agreement with the calculated value
of 3.98 taking into account the composition of our sample
(x = 40% Gd, y = 60% Nd, with C = x X (topsca /2-83)> +) X
(Hobsna”/2.83)% and topsca = 7.9 and fopsna® = 3.4).

Primary HUVEC endothelial cells
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Fig. 4 Cell viability study. Viability of tumour (HCT-116) and normal (dermal fibroblasts, HUVEC) human cells after 48 h incubation with PVP-coated
Gdo gNd; 5055 NPs in the concentration range of 0-0.1 mg mL™. 75 pg mL™* saponin detergent was used as positive control of cell death.
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The magnetization measurements were then carried out at
2 K and 300 K. At 2 K, the sample showed paramagnetic
behaviour with a maximum value of M = 81 emu g ' at 5 T
(Fig. S13a, ESIt; saturation was not reached and there was no
sign of hysteresis). At 300 K, the sample was paramagnetic
and the magnetization expectedly dropped to 2.7 emu g ' at
5 T (Fig. S13b, ESIf). At this temperature, the magnetic
susceptibility was constant at all field strengths at a value of
8.6 x 107> emu g ' Oe . This susceptibility compares well
with other reported ultrasmall Gd-based nanoparticles such as
NaGdF, (1.049 x 10~* emu g~ " Oe ").*°

To validate the potential of PVP-coated Gd, gNd, ,0,S NPs as
MR contrast agents, the T, and T, relaxation times at different
Gd concentrations were measured on a relaxometer. Both the
T; and T, relaxation times displayed very linear dependence on
the Gd concentration, as shown in Fig. 5a. The longitudinal ()
and transversal relaxivity (r,) values were determined from the
slope of the relaxation rate (1/7) as a function of Gd*" concen-
tration. As r; is related to the change in the relaxation rates of
the protons of water in the presence of contrast agents, which
requires a high amount of Gd** ions on the surface and a close
distance between water molecules and exterior Gd** ions to
produce a high r; value. Luckily, the PVP-coated ultrasmall
Gd, gNd; ,0,S NPs have large surface to volume ratios and excellent
water dispersibility, exhibiting a r; value of 2.42 (mM) "' s™*
under a magnetic field of 0.47 T, 37 °C. This value is slightly

(b)
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lower than the r; of gadolinium-based clinical agents such as
gadopentetate dimeglumine (Gd-DTPA), gadoterate (Gd-DOTA) and
gadodiamide (Gd(DTPA-BMA)) in the range of 3.5-3.8 (mM) ' s~ *
(0.47 T, 37 °C).*° A quite low r, was obtained at 2.83 (mM) " s,

However, images and studies we performed at a stronger
magnetic field of 7 T show much more interesting behaviour.
Fig. 5b shows T;- and T,-weighted MRI of PVP-coated
Gd, gNd; ,0,S NPs. With an increase of the NP concentration,
the T;-weighted image becomes brighter; in contrast, T,-weighted
image becomes darker. A high sensitivity of 0.2 mg mL ™" was
obtained from the images. The r; of 9 (mM)' s~ and r, of
57 (mM) ' s~ " at 7 T (Fig. S14, ESIt) were further determined by
linearly fitting the relaxation rate values extracted from Fig. 5b. The
r, is relatively close to the transversal relaxivity observed for
commercial T, contrast agents such as RESOVIST or FERRIDEX
(between 100 to 200 (mM) ' s~' depending on conditions).
Compared with the highest records of pure Gd based NPs
(782 (mM) ™' s7* for 3 nm NaGdF,*" and 53.9 (mM) ' s~ for
3-5 nm Gd,05%%), our Gd, gNd, ,0,S NPs still exhibit a modest r;
value when taking into account its high Nd doping concentration
which decreases the surface Gd** ion concentrations.

In order to investigate the CT imaging of PVP-coated
Gd, gNd, ,0,S NPs, 10 samples were prepared in the centrifuge
tubes, the upper layer contained NPs and pure gelatin solution
was on the bottom layer as a control. Under X-ray irradiation,
the NPs can produce radiation-matter interactions such as
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e . T,-weighted
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<
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Fig. 5 MR and CT imaging. (a) Ty and T2 relaxivity plots of the aqueous suspension of PVP-coated Gdg gNd; 2,0,S NPs at 0.47 T. (b) T;- and T2-weighted
MRI of PVP-coated Gdo gNd; ,0,S NPs at 7 T for increasing concentration of NPs from 0 to 1.1 mg mL™™. (c) CT imaging intensity variation with increasing
concentration of PVP-coated Gdg gNd; ,05S NPs from 0 to 27 mg mL™%. (d) Plot of HU as a function of NPs concentration.
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absorption and Compton scattering, resulting in contrast. in Fig. 6a and b. The sensitivity according to these two imaging
Fig. 5¢ shows that the CT value increases as the concentration techniques seems substantially equivalent and of the same
of the NPs increases. In other words, X-ray absorption increases order of magnitude as for the tomodensitometry. A comparison
with increasing NP concentration. We can clearly see that of PA and US images recorded for concentrations of 0 and
the contrast starts on the image from the concentration of 30 mg mL™"' under an excitation of 685 nm clearly highlighted
2 mg mL™ ", then increases with increasing NP concentration. the enhanced signals from the NPs existing area down to
Furthermore, the mean Hounsfield Unit (HU) was collected 5-7 mm depth (Fig. 6¢). Although this concentration range is
from the CT image as a function of NP concentration (Fig. 5d). beyond the clinically reasonable range, it helped establish the
The obtained scattering data show a linear relationship between feasibility of the detection by these two modalities.

the CT values and the NP concentrations. To explore the potential of bioimaging at the NIR-II bio-
logical window, we first carried out the study of penetration
depth in intralipid medium of Gd,gNd;,0,S NPs under
808 nm laser excitation (50 mW e¢m~?) using a small animal
PA and US imaging are presented together because they were imaging system, as shown in Fig. 6d. The as-prepared NPs were
performed on the same device from the same batch of samples. covered with a Petri dish containing the intralipid medium
Prior to the analyses, we obtained the absorbance spectrum of  (1%) with varied thicknesses from 0 to 11 mm and the images
the Gd, gNd; ,0,S nanoparticles (Fig. S15, ESIf) and found the were taken with 75 ms exposure time. It was observed that
characteristic bands of Nd*': from *Iy;, (ground level) to *Gs/, + although the luminescence intensity drastically decreased as
’Gy, at 600 nm, to F,;, + S, at 750 nm, to *Fs;, + *Hyy, at  the thickness of the intralipid medium increased, a relevant
808 nm, and to “F;, at around 900 nm. We then performed a fluorescence signal still can be collected with a thickness
scan of the photoacoustic intensity as a function of laser of 11 mm (Fig. 6e). The optical penetration length can be
wavelength and found an almost exact match of the excitation estimated by the following equation:****

bands (Fig. S16, ESIf). The linearity curves of PA and US

intensity as a function of the NP concentration are presented I =Iyexp(—d/Lyp) (1)
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Fig. 6 PA, US, and NIR-II luminescence imaging of GdogNd; 20,S NPs. Plots of (a) PA and (b) US intensities as a function of NP concentration from
0 to 30 mg mL™. (c) Comparison images obtained under PA, US, and merge channels for NPs at concentrations 0 and 30 mg mL™. (d) Schematic
illustration for NIR-1I luminescence imaging of Gdg gNd; ,0,S NPs covered with a 1% intralipid medium. (e) NIR-Il luminescence intensities obtained for
the NPs with respect to immersion depth of the Intralipid medium under 808 nm laser excitation with a power density of 50 mW cm™2. (f) Plot of intensity
as a function of the laser excitation power density with an intralipid depth of 2 mm. Inset photos in (e) and (f) show the variations with the intralipid depth
and power density increasing, respectively, and exposure time of 75 ms for all images.
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where I is the intensity, I is a constant, d is the depth and L, is
the optical penetration length. The resulting fitting curve
matches well with our experimental data and the fitted value
of Ly, is 2.4 mm. The penetration length is comparable to that of
LaF;:Nd NPs,*® but lower than that of LiLuF,:Nd@LiLuF, NPs
(20 mm penetration length reported).*® We further investigated
the power-dependent imaging performance of Gd,gNd,; ,0,S
NPs with a fixed depth (2 mm) of intralipid medium, as shown
in Fig. 6f. The inset photo shows that the luminescence
intensity gradually increases with elevated excitation power,
while the signals can be detected when power density lowers to
5 mW cm 2. The fitting curve shows a linear relationship
between luminescence intensity and laser power density.
Considering the very small size and the absence of inert shell
protection of our Gd, gNd; ,0,S NPs, we strongly believe that it
holds great promise for NIR-II bioimaging application.

Conclusions

We have developed a versatile strategy for synthesizing 15 kinds
of ultrasmall RE,O,S NPs whose sizes range from 3 to 11 nm.
Among these NPs, Gd, gNd; ,0,S NPs were demonstrated to be
promising contrast agents for MRI, CT, PAI, USI, and NIR-II
luminescence imaging. The PVP-coated ultrasmall Gd, gNd; ,0,S
NPs were prepared through a ligand exchange method and
showed low but variable toxicity in a large range of concentra-
tions assessed depending on the cell line, with the endothelial
line being largely unaffected. The r; of 2.42 (mM)~" s~ and r, of
2.83 (mM) ' s~ were obtained for the PVP-coated Gd, sNd; ,0,S
NPs. However, T;- and T,-weighted MRI under a higher magnetic
field (7 T) gave higher r; of 9 (mM) ' s~ ' and r, of 57 (mM) *s*
showing the potential of in vivo T;- and T,-weighted bimodal
MRI which allows differentiation of signals induced by T,
contrast agents from a low-level background. PAI, USI and CT
showed equivalent sensitivity in the assessed concentration
range. Unsurprisingly, this sensitivity is about 10 times lower
than that for MRI (detection limit around a few mg mL ™" instead
of 0.2 mg mL™"). It is nonetheless interesting because these
three techniques are much less expensive and more easily
accessible than MRI. Using NIR-II luminescence imaging tech-
nique, the optical penetration length of 2.4 mm was determined
at a power density of 50 mW cm 2. All of these findings thus
pave the way, not only for preparation of ultrasmall water-soluble
RE,0,S NPs, but also for future application of in vivo multimodal
bioimaging.
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