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ABSTRACT: During last decade, special focus has been laid on ultrasmall nanoparticles for nanomedicine and eventual clinical
translation. To achieve such translation, a lot of challenges have to be solved. Among them, size determination is a particularly tricky
one. In this aim, we have developed a simple hyphenation between Taylor dispersion analysis and ICP-MS. This method was proven
to allow the determination of the hydrodynamic radius of metal-containing nanoparticles, even for sizes under 5 nm, with a relative
standard deviation below 10% (with a 95% confidence interval) and at low concentrations. Moreover, its specificity provides the
opportunity to perform measurements in complex biological media. This was applied to the characterization of an ultrasmall gado-
linium-containing nanoparticle, used as theranostic agent in cancer diseases. Hydrodynamic radii measured in urine, cerebrospinal
fluid and undiluted serum demonstrated the absence of interaction between the particle and biological compounds such as proteins.

Metallic and hybrid ultrasmall nanoparticles (USNPs) (diame-
ters < 10 nm) have attracted a growing interest in recent years,
particularly in medical fields. Due to their size, they are able to
be quickly eliminated by the kidneys,! thus decreasing their po-
tential toxicity. Numerous applications of these USNPs have
been proposed not only for diagnostics but also for therapy,
mainly for cancer treatment.>®* However, only a few of these
nanodrug candidates reach the clinical trials. Besides Fe-
raheme®, an iron oxide USNP used for chronic kidney disease,
only Nanotherm® and Cornell dots* have been approved by
FDA (Food and Drug Administration) and AGuIX®?’ by ANSM
(Agence Nationale de Sécurité du Médicament, French equiva-
lent of FDA), for first-in-human clinical trials in cancer therapy.

As pointed out by K. Zarschler et al.,® one of the main issues
limiting the passage in the clinic of these promising nano-ob-
jects is the lack of methods allowing their physicochemical
characterization, particularly in biological media, to answer
regulatory agencies requirements.

An important feature that governs the fate of nanoparticles in
the organism is their size. Interactions with biological objects”
%, clearance pathways"!® or tumor penetration'! depend on the
hydrodynamic size taken by a nano-object in the organism,
which can drastically differ from the size measured in a simple
aqueous buffer. Orthogonal analytical approaches for nanopar-
ticles sizing becomes a pre-requisite.'?

The precise measurement of USNPs’ size is in itself a challenge,
and is even more problematic when these particles are in a com-
plex biological medium containing other similarly sized or
much bigger biomolecules such as proteins. A fast and reliable

sub-nanometric to several tens of nanometers sizing method is
needed in order to assess metallic and hybrid USNPs’ size var-
iations in biological media, due to particle degradation, dissolu-
tion, but also aggregation or interactions with proteins, in a fast
and reliable way.

The gold standard method for size characterization in routine is
DLS (Dynamic Light Scattering), thanks to its speed and ease
of use. However, its non-specificity and the important bias to-
wards larger objects prevent an accurate size determination for
USNPs in complex media.

In order to gain specificity, many methods using specific detec-
tion, mostly ICP-MS (Inductively Coupled Plasma/Mass Spec-
trometry), have been developed.

Recently, single-particle ICP-MS (sp-ICP-MS) has been intro-
duced for size measurement of metal-based nanoparticles.
However, this method is not adapted to the challenges raised by
hybrid USNPs. Since nanoparticle size is determined from sig-
nal intensity, the size threshold for monoatomic nanoparticles
depends heavily on the composition: silver nanoparticles have
a size threshold of 10 to 20 nm, while silica nanoparticles must
be at least 200 nm in diameter to be detected.'> Moreover, the
method may require a calibration with particle standards,'* and
the sizing of hybrid nanoparticles is still undergoing develop-
ment.'>!6

Hyphenated separative methods with ICP-MS have been pro-
posed for nanoparticles size measurement. Several studies have
reported the use of asymmetric flow field flow fractionation-
ICP-MS,'7-!8 size exclusion chromatography-ICP-MS'® and ca-
pillary electrophoresis (CE)-ICP-MS? for nanoparticles sizing.



However, the resolving power of these techniques often limits
the size range and most of these studies have been dedicated to
10 nm — 100 nm particles.

Taylor Dispersion Analysis (TDA) is an absolute hydrody-
namic size measurement based on the determination of the mo-
lecular diffusion coefficient from the dispersion of a solute plug
in a laminar flow.?! It has so far mostly relied on UV detection
and the hyphenation of TDA to more specific detection meth-
ods, namely backscattering interferometry for polysaccharides
sizing,?* or mass spectrometry to provide additional information
about protein conformation,? is still ongoing.

The development of TDA hyphenated to ICP-MS, presented
here for the first time, could be extremely valuable for the char-
acterization of metal-based and hybrid nanoparticles of a wide
range of sizes and compositions, in both simple and complex
matrices, and most importantly for USNPs in biological media.

As a proof of concept, TDA-ICP-MS was used for measuring
the size of AGuIX®, a gadolinium-containing theranostic na-
noparticle (see SI ,Figure S1), which has shown great promise
in clinical trials for cancer therapy, in different media.

EXPERIMENTAL PART

Materials. The capillaries were untreated fused-silica capillar-
ies (70 cm x 75 mm i.d., 375 mm o.d.) from Photon Lines.

AGuIX® product was provided by NH TherAguix as a powder
for solution, containing gadolinium-chelated polysiloxane-na-
noparticles. Solutions were prepared extemporaneously before
analysis.

Tris, NaCl and HCI obtained from Sigma were dissolved in ul-
tra-pure water for the preparation of the mobilization solutions.

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono
N-hydroxysuccinimide ester (DOTA-NHS, Chematech), Gd
10000 mg/L in 1% HNO; (ICP-MS standard, SCP Science) and
bovine serum albumin (BSA, Sigma) were used for Gd-labelled
BSA synthesis (see SI Figure S2).

Human serum albumin (HSA), serum and synthetic urine were
also purchased from Sigma. Porcine cerebrospinal fluid was
kindly provided by MexBrain.

Instrumentation. TDA experiments were performed on a 7100
capillary electrophoresis instrument (Agilent Technologies).
Prior to the first use, the capillary was coated with hydroxypro-
pylcellulose (HPC) according to the procedure described by
Shen et al.?* and then flushed with the running buffer for 5 min
under 1 bar. Between runs, the capillary was washed with the
electrolyte buffer for 2 min under 1 bar.

For Gd detection, a Nexion 300X ICP--MS (Perkin Elmer)
equipped with a PFA microflow nebulizer was used for the spe-
cific detection of gadolinium. Signal at m/z 158 was monitored
using an integration time of 500 ms. Operating conditions were
tuned in order to maximize the signal: nebulizer gas flow rate:
0.95 L/min, plasma gas flow rate: 18 L/min, auxiliary gas flow
rate: 1.2 L/min, radiofrequency power 1600 W for the plasma,
dwell time: 500 ms.

The hyphenation between CE and ICP-MS was achieved via a
homemade sheath-flow interface (Figure 1 and SI, Figure S3).
The capillary goes first through a T-connector toward the tip of
the nebulizer. The sheath liquid (HNOs; 1 mM) was introduced
by self-aspiration to the third inlet of the interface. Using such
a sheath liquid allows to overcome potential matrix effects of
the different biological media.

Make-up liquid
(HNO3 1 mM)
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v

Figure 1. Experimental set-up for TDA-ICP-MS hyphenation.
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CE system control and UV data acquisition were carried out us-
ing the Chemstation software (Agilent) and ICP-MS controlled
and data acquired using the Syngistix software (Perkin Elmer).

TDA experiments. AGulX® was diluted at 0.5 g/L in the dif-
ferent media and immediately analyzed. Samples were hydro-
dynamically injected (20 mbar for 3 s). The mobilization pres-
sure was kept constant at 50 mbar. Solutes were monitored by
UV absorbance at 200 nm, at 21.6 cm from the capillary inlet
and by ICP-MS, at m/z =158, at the end of the same capillary.
For synthetic urine, the capillary was rinsed at 1 bar for 5 min
with HNOs; 1 mM and 5 min with synthetic urine between runs.

DLS controls. AGulX® was diluted at 10 g/L in either pure
water or diluted serum, filtered with 0.2 um filters and immedi-
ately analyzed. Measurements were performed using a
Zetasizer Nano-S (633 nm He-Ne laser) from Malvern In-stru-
ments (USA). Measurements were averaged over 20 individual
measurements, performed 5 times at 25°C. The validity of the
data was determined by examination of both the autocorrelation
curves and the quality report.

RESULTS AND DISCUSSION

TDA allows for the determination of the hydrodynamic radius
of objects in the sub-nanometer to several hundreds of nanome-
ters range, %’ through the determination of the molecular dif-
fusion coefficient. A solute is injected in a capillary and a mo-
bilization pressure is applied. The detected peak can be fitted
by a Gaussian distribution, according to the following equation:
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Where ¢ is the experimental time, #) and o are the mean and tem-
poral variance of the fitted Gaussian distribution respectively,
o the baseline intensity and A4, a constant depending on the de-
tection sensitivity and the concentration of the sample.

Under experimental conditions described by Chamieh et al.,?
the molecular diffusion coefficient D is given by
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where R. is the capillary radius, k3 is the Boltzmann constant, T
is the temperature, # is the viscosity, and R, is the hydrodynamic
radius of the solute.

Since the hydrodynamic radius of a solute is based on the
Gaussian fit of the peak obtained in TDA, the accuracy of the
determination relies on (i) minimization of other contributions
to the peak variance (ii) detection sensitivity which directly af-
fects the quality of the fit.

Validation of TDA-ICP-MS hyphenation. Since the determi-
nation of Ry is directly related to the variance of the peak, it is
of utmost importance to ensure that the hyphenation does not
introduce any significant external dispersion. For that purpose,
a Gd-labelled BSA was used. This sample was assumed to be



stable all along the capillary. In such experimental design, Gd-
labelled BSA can be detected by both UV (before the T-junc-
tion) and ICP-MS (after the T-junction) detectors in a single ex-
periment. Figure 2 shows the results obtained with both UV and
ICP-MS detections. Both signals have been normalized by their
respective maximums. Since the detection occurs at two differ-
ent mobilization lengths, the data is displayed with a reduced
time to allow for direct comparison of the temporal variance
(see SI).

ICP-MS: R;, (3.7 £ 0.2) nm Detection
o UV: R, (3.8+0.2) nm l(, — ICP-MS — Gd158
’ — UV -200 nm
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Figure 2. Taylorgrams of Gd-labelled BSA, with both UV and ICP-
MS detection. Experimental conditions: injection 20 mbar 3 s; HPC
capillary 75 pm i.d. x 70 cm length; buffer Tris 10 mM NaCl 150
mM pH 7.4; mobilization pressure 50 mbar; ICP-MS detection m/z
= 158; UV detection window at 21.6 cm, wavelength 200 nm. Radii
are given with a 95% confidence interval.

Figure 2 shows a nearly perfect superposition of the two taylor-
grams, with very similar calculated radii of (3.8 £ 0.2) and (3.7
+ 0.2) nm, given with a 95% confidence interval, with UV and
ICP-MS detection respectively, demonstrating that the broad-
ening generated by the interface can be neglected.

Size determination of an ultrasmall nanoparticle by TDA-
ICP-MS. This method has been applied to the sizing of the
AGuIX® USNP, at different pH. According to Chamieh et al.,*®
the choice of a 75 um i.d. capillary allows the perfect sizing
range for a USNP, as well as the detection of possible degrada-
tion or aggregation phenomena (0.2 — 50 nm hydrodynamic ra-
dii).

Measured hydrodynamic radii for AGuIX® USNP are shown
in table 1. The method shows great precision in aqueous buffers,
with a relative standard deviation on hydrodynamic radii not
exceeding 10%. For comparison, measurements obtained for
EDTA-Gd and DOTAGA-GA are given as SI (Table S1) and
demonstrate the potential of the method for small molecules.

Table 1. Mean hydrodynamic radius of AGulX® USNP
measured by TDA-ICP-MS, using Tris NaCl buffer at vari-
ous pH

pH Mean Ry (nm)* number of analyses
2.3 23+0.1 3
3.2 23+0.1 4

5.5 23+0.1 4

6.7 22+0.1 3
7.4 23+0.2 7
8.2 23+0.1 3

aMean hydrodynamic radius extrapolated from Gaussian fittings
of TDA-ICP-MS experiments, given with a 95% confidence inter-
val. Experimental conditions: AGulX® diluted at 0.5 g/L in buffer.
injection 20 mbar 3 s; HPC capillary 75 pm i.d. x 70 cm length;
buffer Tris 10 mM NaCl 150 mM pH 2.3-8.2; mobilization pressure
50 mbar; ICP-MS detection m/z = 158.

Hydrodynamic radii obtained with TDA (on average 2.3 = (0.2
nm over 7 repetitions, in Tris NaCl buffer at pH 7.4) are in
agreement with those obtained by DLS (2.8 + 0.4 nm) (figure
3). The goodness of the fit strongly supports the assumption of
the main monodisperse character of the USNP, although a slight
polydispersity can be deduced from the taylorgram (figure 3a),
characterized by the deviation between the Gaussian fit and the
acquired signal, most notably at the bottom and at the top of the
peak.?® This observation is also in agreement with DLS data. To
date, although some research is in progress,” polydispersity is
not easily quantifiable in TDA, due to the lack of reference
methods.
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Figure 3. a) Representative taylorgram of AGuIX® (black line),
with the corresponding Gaussian fitting (red line). Experimental
conditions: AGuIX® diluted at 0.5 g/L in buffer. injection 20 mbar
3 s; HPC capillary 75 pm i.d. x 70 cm length; buffer Tris 10 mM
NaCl 150 mM pH 7.4; mobilization pressure 50 mbar; ICP-MS de-
tection m/z = 158.b) Representative DLS of AGuIX®. Experi-
mental conditions: AGulX® diluted at 10 g/L in water.

Quantification of the Gd content in the USNP was performed
using EDTA standards. A concentration of (73 = 4) mM, was
found in a 100g/L AGuIX® solution and was in agreement with
the concentration found by ICP-MS after mineralization (71
mM).

The detection and quantification limits, depending on the peak
variance, were estimated to be respectively 0.6 uM and 2 uM
Gd (S1, Figure S4). However, due to AGuIX® dissolution upon
dilution, these limits cannot be reached. (SI, Figure S5)

From these results, advantages afforded by TDA-ICP-MS over
DLS can be pointed out. DLS for a low-absorbing hybrid USNP
such as AGuIX® requires a high concentration for a reliable
size estimation. In routine, DLS AGuIX® sizing must be done
with a 10 g/L sample solution. However, thanks to the specific
and sensitive detection of ICP-MS, the lowest concentration
where AGulX® sizing by TDA was still possible was estimated



at 0.05 g/L, 200 times less concentrated than in DLS (SI, Figure
S5).

Furthermore, the volume required for both buffer and sample
solution is likewise drastically lower for TDA. A full analysis,
including capillary conditioning, can be done with 50 puL of
buffer solution and 2 pL of sample solution, compared to 1 mL
for DLS. Considering an injected volume of 8 nL, the hydrody-
namic radius measurement of AGuIX® can be routinely per-
formed on 10'2 nanoparticles (0.5 g/L solution).

Moreover, the multielemental character of the ICP-MS detec-
tion can be used for multiplex assays, allowing the simultaneous
determination of sizes of different nanoparticles (see SI, Figure
S6)

TDA-ICP-MS for sizing USNPs in biological media. Such
experimental requirements for TDA-ICP-MS makes this
method a prime candidate for application in biological media.
Since after injection to the patient, AGulX® can be considered
to be diluted to approximately 1 g/L in the blood, the minimum
required concentration of 0.05 g/L means that in vivo conditions
can be reproduced in vitro. The low volume requirements, in-
herent to the use of a capillary, is likewise important for biolog-
ical fluids. Thanks to the hyphenation with a Gd-specific detec-
tion, complex matrices such as blood serum can be analyzed
without any interferences.

In order to estimate the size of AGuIX® in a given biological
fluid by TDA, the capillary was conditioned with each tested
medium, and the USNP was diluted in the same medium. The
acquired taylorgrams are shown in figure 4a for Tris 10 mM
NaCl 150 mM, cerebrospinal fluid, synthetic urine, HSA 5g/L,
and undiluted serum.

a)
0.06

i)

S (04 | Human blood serum

o

o}

N . .

= HSA in Tris NaCl

£

<}

c

@©

Q

<<

5 6 7 8 9 10 1 12 13
Time (min

b) (min)

. Synthetic HSA Human
212—": (,J\lgilm 20 fg; m urine in Tris NaCl | | blood serum
05 ' : . ! 23+02n€m [23+02nm 2.0+0.4nm

0.0 . . . .

Mean hydrodynamic radius (nm)
= = N
o (4] o
—

Figure 4. a) Taylorgrams of AGulX® in various media. Experi-
mental conditions: AGuIX® diluted at 0.5 g/L in biological me-
dium; injection 20 mbar 3 s; HPC capillary 75 pm i.d. x 70 cm total
length; buffer: biological medium; mobilization pressure 50 mbar;
ICP-MS detection m/z = 158. b) Mean hydrodynamic radii in each
tested medium, given with a 95% confidence interval.

All signals represent Gaussian curves, allowing size determina-
tion. Hydrodynamic radii were calculated from at least 3 exper-
iments. The observed variations in average peak residence
times are due to the different viscosities of the studied media.
The viscosities used for the different biological media were es-
timated, and are recapitulated in SI, Table S2.

Whatever the medium used, the hydrodynamic radius of
AGuIX® was found constant and around 2.2 nm. Interestingly,
the absence of size decrease may indicate that dissolution of the
particle, if any, did not occur within a short time period (< 15
min). These results also support the fact that serum proteins did
not interact with the USNP, as already assumed from Synchro-
tron radiation circular dichroism on mixtures of AGuIX® and
HSA 3

Most importantly, this analytical procedure was demonstrated
to be successfully applied for hydrodynamic radius determina-
tion in various complex media, where the classical DLS and
TDA-UV lack specificity (see SI, Figures S7 and S8). Hence,
the use of a ICP-MS detector coupled to TDA opens new per-
spectives since it could be easily extended not only to other clas-
ses of metallic and hybrid USNPs to determine their behavior
in biological media, but also to large biomolecules, such as spe-
cifically labelled antibodies.
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