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Quantifying nanotherapeutic penetration using a
hydrogel-based microsystem as a new 3D in vitro
platformt

Saba Goodarzi, 2 Audrey Prunet,? Fabien Rossetti, @2 Guillaume Bort, 2
Olivier Tillement, @2 Erika Porcel, @° Sandrine Lacombe,® Ting-Di Wu,
Jean-Luc Guerquin-Kern, ©<® Héléne Delanoé-Ayari, ©°2

Francois Lux @°2° and Charlotte Riviere @ *@¢

The huge gap between 2D in vitro assays used for drug screening and the in vivo 3D physiological
environment hampered reliable predictions for the route and accumulation of nanotherapeutics in vivo. For
such nanotherapeutics, multi-cellular tumour spheroids (MCTS) are emerging as a good alternative in vitro
model. However, the classical approaches to produce MCTS suffer from low yield, slow process, difficulties
in MCTS manipulation and compatibility with high-magnification fluorescence optical microscopy. On the
other hand, spheroid-on-chip set-ups developed so far require a practical knowledge of microfluidics
difficult to transfer to a cell biology laboratory. We present here a simple yet highly flexible 3D model
microsystem consisting of agarose-based microwells. Fully compatible with the multi-well plate format
conventionally used in cell biology, our simple process enables the formation of hundreds of reproducible
spheroids in a single pipetting. Immunostaining and fluorescence imaging including live high-resolution
optical microscopy can be performed in situ, with no manipulation of spheroids. As a proof of principle of
the relevance of such an in vitro platform for nanotherapeutic evaluation, this study investigates the kinetics
and localisation of nanoparticles within colorectal cancer MCTS cells (HCT-116). The nanoparticles chosen
are sub-5 nm ultrasmall nanoparticles made of polysiloxane and gadolinium chelates that can be visualized
in MRI (AGuIX®, currently implicated in clinical trials as effective radiosensitizers for radiotherapy) and
confocal microscopy after addition of Cy5.5. We show that the amount of AGuIX® nanoparticles within
cells is largely different in 2D and 3D. Using our flexible agarose-based microsystems, we are able to
resolve spatially and temporally the penetration and distribution of AGuIX® nanoparticles within MCTS. The
nanoparticles are first found in both extracellular and intracellular space of MCTS. While the extracellular
part is washed away after a few days, we evidenced intracellular localisation of AGUIX®, mainly within the
lysosomal compartment, but also occasionally within mitochondria. Hence, our agarose-based
microsystem appears as a promising 3D in vitro user-friendly platform for investigation of nanotherapeutic
transport, ahead of in vivo studies.

Introduction

There is an ongoing effort to develop efficient therapeutics
for cancer treatment including nanodrugs and nanoparticles;
nevertheless, the clinical translation of these therapeutics has
to overcome numerous challenges from the early stages of
development to a successful translation.”? Currently, the

b Université Paris-Saclay, CNRS, Institut des Sciences Moléculaires d'Orsay, 91405, standard Plpehne for drug development consists of the

Orsay, France

¢ Institut Curie, Université PSL, Paris, France
4 Université Paris-Saclay, CNRS, Inserm, Centre d'Imagerie Multimodale, 91401,

Orsay, France

¢ Institut Universitaire de France (IUF), France

following: (1) efficacy tests on 2D in vitro assays and (2) on
rodent in vivo models, (3) regulatory toxicity tests on two
animal species and (4) clinical trials.

However, 2D in vitro assays do not replicate the 3D

t Electronic supplementary information (ESI) available. See DOI: 10.1039/ physiological environment encountered by the cells in vivo.
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This could be the underlying reason for the high rate of
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clinical failure in the development of new drugs. On the
other hand, there is also a rising question as to the
economical and ethical relevance of rodent animal models,
in particular because such models are not fully representative
of human specificity.> Getting as close as possible to the
in vivo situation in in vitro models is a key issue to truly
understand and control cancer cell response, accompanied
by reduction in animal usage. For the pharmaceutical
industry, tackling this issue will enable better identification
of relevant therapeutics by performing relevant screening on
3D models. For precision medicine, it will help physicians to
adjust the therapeutic treatment to complement current
clinical analysis.>* For fundamental research, it will allow
deciphering cell response in a truly relevant context.

Many approaches have been developed during the past
decade to set up various organ-on-a-chip or tumour-on-a-
chip devices, integrating many different in vivo features in a
miniaturized in vitro format.>® This is particularly important
for emerging nanosized therapeutics.” The presence of
different  physiological  barriers, such as cell-cell
compaction, tumour heterogeneity and dense extracellular
matrix along with various -cancer-associated cells, will
decrease the of nanotherapeutics effectively
reaching the targeted tumour cells.*? The lack of such a
physiological context hampered reliable predictions for the
route and accumulation of these nanoparticles in vivo'® and
is a major limitation for the efficient development of novel
therapeutic approaches.'* To move beyond the classical 2D
plastic dishes, different 3D in vitro models have been
developed to try to better replicate in vivo the complexity of
the tumour microenvironment."”> Among them, multi-
cellular tumour spheroids (MCTS) recapitulate many tumour
features, including 3D cellular architecture, cellular
heterogeneity, signalling pathways and physiochemical
gradient, similar to real in vivo tumour micrometastasis (for
spheroids >500 um in diameter)."*™"”

MCTS could be prepared with various techniques® such
as using non-adherent surfaces,'® spinner flasks'® or hanging
drop methods.?® Emerging attempts to integrate spheroids in
microfluidic set-ups open up new possibilities to deal with
the low yield and slow process of the classical approach.>**
However, such spheroid-on-chip approaches require a
practical knowledge of microfluidics that is difficult to
transfer to a cell biology laboratory.

In addition, the polymeric materials commonly used for
such devices (polydimethylsiloxane -PDMS) suffer from
major limitations, precluding their usage for efficient drug
screening under physiological conditions:* large absorption
of therapeutics®**® (resulting in the underestimation of cell
response to drugs), non-permeability to small water-soluble
molecules (leading to fast medium conditioning if
continuous flow is not provided otherwise), rigidity several
orders of magnitude larger than the physiological condition
(MPa vs. kPa range in vivo>®).

To go beyond PDMS and its limitations, hydrogel-based
microwell devices have been considered.””*® Hydrogels are

amount
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networks of cross-linked polymers with tuneable physical
properties, a high capacity for water retention and
interconnected pores enabling free diffusion of O,,
nutrient and metabolic wastes, which make them
favourable alternatives in micro-system applications.
Various techniques using natural or synthetic hydrogels
for MCTS formation have been developed.”®*** However,
none of these set-ups meets all the criteria required for
long-term time-lapse analysis (i.e. compatibility with high-
resolution video-microscopy, efficient medium and oxygen
renewal, in situ immunostaining/drug application, no
reduction of the available drug dose, easy cell retrieval for
further standard molecular analyses) within a physiological
stiffness range.

We present here a simple yet highly flexible 3D model
microsystem consisting of agarose-based microwells. This
hydrogel with tuneable rigidity and great integrity presents
several advantages, making it a suitable biomaterial in cell
studies.®**> The tuneable mechanical properties of the
agarose can reproduce the in vivo microenvironment
stiffness. Its porous nature enables the free diffusion of
salt and small chemical species (hydrodynamic diameter
<30 nm in 2% agarose,>® which is the case for most
proteins). Our simple process enables the formation of
hundreds of reproducible spheroids in a single pipetting,
and its compatibility with multi-well plate formats
conventionally used in cell biology can accelerate the
screening of drugs in comparison with conventional 3D
models. Of note, these can also be
manufactured on coverslips, opening the possibility for live
high-resolution optical microscopy. In addition, hydrogel-
based microwells provide a user-friendly platform for in
situ immunostaining and can be used for in-depth analysis
of cell phenotypic modifications after drug treatment.

As a proof of principle of the relevance of such an
in wvitro platform for the evaluation of nanoparticle
screening, the aim of this study was to analyse the kinetics
and localisation of these nanoparticles within colorectal
cancer cell MCTS (HCT-116). The nanoparticles chosen for
this proof-of-concept study are sub-5 nm ultrasmall
nanoparticles made of polysiloxane and gadolinium (Gd)
chelates that can be visualized in MRI and confocal
microscopy (after functionalization by Cy5.5, a near-infrared
fluorophore). These nanoparticles, called AGuIX®, are
effective radiosensitizers for radiotherapy’’ and are now
implicated in three clinical trials associating radiotherapy
with AGuIX® for treatment of multiple brain metastases by
whole brain radiation therapy (NanoRad 2, phase II,
multicentric), stereotactic radiosurgery (NanoStereo, phase
11, multicentric) and cervical cancer (phase Ib, Gustave
Roussy). The nanoparticle—cell interactions and
internalization pathways of these nanoparticles have been
assessed in vitro in 2D,*® but never in 3D, multicellular
tumour spheroids.

We show in this study that the 3D cell arrangement highly
impacts the amount of AGuIX® nanoparticles within cells.

microwells

This journal is © The Royal Society of Chemistry 2021
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Using our flexible agarose-based microsystem, we were able
to resolve spatially and temporally the penetration and
distribution of AGuIX® nanoparticles within tumour
spheroids. The nanoparticles were first found in both the
extracellular and the intracellular space of spheroids, mostly
within the lysosomal compartment, but also occasionally
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within mitochondria. Whereas the extracellular part was
washed away after a few days, the colocalisation with
lysosomes remained almost constant. Our agarose-based
microsystem hence appears as a promising 3D in vitro
platform for investigation of nanotherapeutic transport,
ahead of in vivo studies.

Agarose-based microwells preparation
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Fig. 1 Presentation of the hydrogel-based microsystems for spheroid growth and follow-up. (A) Silicon wafer mould made by photolithography.
(B) PDMS replica mould made from the silicon wafer mould. (C) Moulding of agarose using PDMS replica moulds on a coverslip functionalized by
APTS to make the agarose microsystem adhesive on the coverslip. (D) Cylindrical agarose microwells with diameter and height of 200 pm for each
microwell. (E) Cell seeding using the agarose microsystem in a 24-well plate for the preparation of spheroids (leading to the formation of 130
spheroids per well). (F) Optical microscopy images of several homogenous HCT-116 cell spheroids made in the agarose microsystem (5x
magnification) at day 6. (G) In situ immunostaining of spheroids in microwells in a 24-well plate. (H) Diagram of confocal fluorescence microscopy.
(I) Maximal image projection (MIP) of confocal fluorescence images of spheroids in the agarose microsystem labelled for actin (green) and nuclei
(blue) (10x magnification) and an enlarged MIP of one of the spheroids (20x magnification).

This journal is © The Royal Society of Chemistry 2021 Lab Chip, 2021, 21, 2495-2510 | 2497
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Materials and methods

Hydrogel based microsystem

Agarose-based microsystems were prepared using moulding
procedures. First, a silicon wafer mould was made using a
classical photolithography technique (Fig. 1A). The mould
consists of an array of 130 cylindrical wells of 200 pm in
diameter and 250 um in height, created using the SU8-2100
photosensitive resin.

A polydimethylsiloxane (PDMS) replica mould was then
casted on this master mould (Fig. 1B) and used for agarose
moulding. The agarose moulding procedure differed
depending on the aim of the experiments: (1) for imaging of
fixed samples, the microwells were free-standing in each well
of a multi-well plate, enabling easy retrieval and transfer (see
detailed description below); (2) for time-lapse imaging, agarose
moulding is performed on 3-aminopropyltriethoxisilane
(APTS)-functionalised coverslips, enabling to directly bond the
microwells to the coverslips and avoiding any drift during
acquisition (Fig. 1D, patented process™°).

Agarose solution (2%, w/v) was prepared by dissolving
ultra-pure agarose powder (Invitrogen™) in water. An
autoclave was used for the dissolution to avoid formation of
bubbles (121 °C, 15 min).

Moulding of free-standing microwells. The agarose
solution (300 pL) was deposited on a warmed PDMS mould
(at 78 °C) and a coverslip was then placed on top of the drop
of agarose to spread it with a constant thickness on the
mould. After agarose gelation into the desired shape (10
min), the coverslip was removed and the moulded agarose
microwells were cut to fit in the wells of a 24-well plate. The
microwells were then placed in a 24-well plate and kept
hydrated with PBS (1 mL per well). The plate was UV-
sterilized (8 W, 254 nm) for 20 min in the opened and closed
state and kept at 4 °C until used. The day before each
experiment, PBS was replaced by culture medium and
allowed to diffuse within each microwell by overnight
incubation at 37 °C before cell seeding.

Moulding on APTS-functionalised coverslips. First, holes
were drilled in each well of a 12-well plate (diameter 16 mm) to
prepare the plate for the coverslips. Round coverslips (diameter
20 mm) were incubated in a 1% APTS-5 mM acetic acid
solution (Acros ref 43094100 for APTS, vwr ref 20104298 for
acetic acid) for 20 min under stirring condition. Coverslips
were then extensively rinsed with water and dried on a hot
plate (100 °C, 15 min). Such APTS-functionalised coverslips are
then used immediately for agarose moulding using the same
procedure as the one described above for free-standing
microwells. After agarose gelation, the PDMS mould was
removed; the agarose microwells remained attached to the
APTS-functionalised coverslip. These coverslips with microwells
were glued to the 12-well plate using curing optical adhesive
(Norland Products, NOA 81) activated by 30 seconds of
exposure to a UV lamp (12 W, 365 nm). The plate was then UV-
sterilized using the same procedure as the one described above
for free-standing microwells.

2498 | Lab Chip, 2021, 21, 2495-2510
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Colorectal cancer cell line HCT-116 and culture conditions

HCT-116 colorectal carcinoma (CCL-247) cell line was
purchased from the American Type Culture Collection (ATCC,
virginia, USA). All cells were cultured in Dulbecco's modified
Eagle's medium (DMEM-Glutamax, Gibco™) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Sigma, St.
Louis, Missouri, USA), 100 units/100 pg penicillin/
streptomycin (Gibco™).

Routinely, the HCT-116 cells were grown in T-25 cell
culture flasks and were placed in an incubator at 37 °C with
a 5% CO, atmosphere. The culture medium was changed
regularly, and cell passage was carried out at 70% confluency
every 3 days. The cell passage was performed using
recombinant cell-dissociation enzyme (TrypLE, Gibco™) to
detach cells followed by neutralizing with culture medium.
The cell suspension was centrifuged at 1000 rpm (equal to
106g) for 5 min, the supernatant was discarded, and the cell
pellet was resuspended in 1 mL of complete culture medium.
The number of cells was counted using a Neubauer chamber,
and the final cell volume was adjusted to reach the desired
cell concentration.

Multicellular tumour spheroids

MCTS of HCT-116 cells were formed in 24-well plates
containing agarose in each well. After trypsinization and
centrifugation, 120000 cells in 1 mL complete medium was
added in each well (each containing 1 microsystem). To
encourage and accelerate cell aggregation, the 24-well plate
was placed under orbital agitation (160 rpm) for 15 min in an
incubator at 37 °C and 5% CO,. After 4 h, the plate was
rinsed with fresh medium to remove cells that did not reach
the microwells. After 2 days, spheroids were ready for
incubation with nanoparticles.

Monolayer cell culture

After trypsinization and centrifugation of HCT-116 cells in
culture, a cell suspension with 120000 cells in 1 ml was
prepared. The cell suspension was added to tissue-treated
coverslip plates (either 300 pL in an 8-well Ibidi® or 2 mL in
a 12-well plate). Cells were incubated with nanoparticles 48 h
after cell seeding.

Preparation of Cy5.5-conjugated gadolinium-based
nanoparticles (AGuIX®-Cy5.5)

The Gd-based nanoparticles (AGuIX®) synthesized by NH
TherAguix (Lyon, France) are composed of a polysiloxane
matrix surrounded by covalently bound DOTAGA-Gd
((1,4,7,10-tetraazacyclodode-cane-1-glutaric acid-4,7,10-
triacetic acid)-Gd). The synthesis process is already described
in the literature.”” Briefly, AGuIX® nanoparticles are
composed of a polysiloxane network surrounded by Gd
chelates. The chemical composition of AGuIX® nanoparticles
is (GdSig sNCy50,1H,4,-10H,0),, with a molar mass of around
10 kDa. The hydrodynamic diameter of the AGuIX®

This journal is © The Royal Society of Chemistry 2021
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nanoparticles is close to 5 nm, and the AGuIX® nanoparticles
are characterized by a zeta potential of 9.0 + 5.5 mV at pH
7.2. These AGuIX® nanoparticles were further conjugated to
cyanine-5.5 (Cy5.5) fluorophore to make them detectable by
confocal fluorescence microscopy. They are referred to as
AGuIX®-Cy5.5 nanoparticles in the rest of the article.

Incubation of cells with AGuIX®-Cy5.5 nanoparticles

To incubate MCTS and monolayer cells with AGuIX®-Cy5.5
nanoparticles, an intermediate solution of AGuIX®-Cy5.5
nanoparticles with 100 mM concentration of Gd was
prepared in distilled-water. From this intermediate solution,
just before the incubation with cells, AGuIX®-Cy5.5 solutions
were prepared in fresh DMEM with Gd concentrations of 0.8,
1.5 and 2 mM, respectively. The MCTS in all microsystems of
a 24-well plate were incubated with 1 mL of AGuIX®-Cy5.5
nanoparticle solution. For cell monolayers, an Ibidi® 8-well
plate or a 12-well plate was used, and cells were incubated
with 200 pL or 2 mL AGuIX®-Cy5.5 solution, respectively.

Inductively coupled plasma-mass spectrometry (ICP-MS)

The concentration of Gd was analysed using a validated
inductively coupled plasma-mass spectrometry (ICP-MS)
analysis. To prepare samples for this analysis, spheroids and
monolayer cultured cells were incubated with AGuIX®-Cy5.5
nanoparticles with 0.8, 1.5 and 2 mM concentration in Gd for
24 h. After incubation, spheroids were rinsed three times
with PBS for 15 min each and dissociated using trypsin +
EDTA (Gibco). The number of cells in each microwell was
evaluated using a Neubauer chamber. The cell suspensions
in trypsin + EDTA of each sample were then centrifuged
(900g for 5 min), the supernatants were discarded, and the
cells pellets were dissolved in 150 pul 69% HNO; (ROTH) at 80
°C for 3 h. The volume of samples was adjusted to 10 mL by
adding ultra-pure water and the Gd concentration in each
sample was measured using an ICP-mass spectrometer
(PerkinElmer, NexION® 2000). A similar procedure was used
for the monolayer cell culture (the cells were rinsed with PBS
(3 x 5 min) and detached using trypsin (Gibco)).

The mean value of the cell volume was calculated by
measuring the cell diameter after detachment or dissociation
using bright-field microscopy followed by image processing
using Image] software.”’ Accordingly, Gd concentrations
obtained by ICP-MS measurements were divided by the
calculated average cell volume.

Localisation of nanoparticles: fixation, permeabilization and
immunostaining

First, cell nuclei and actin filaments in the cytoskeleton were
labelled. After incubation with AGuIX®-Cy5.5 nanoparticles,
the spheroids were rinsed with PBS (3 x 5 min), then fixed in
paraformaldehyde (4%) for 20 min and permeabilized using
0.1% Triton X-100 (Acros) for 10 min. After blocking with 3%
bovine serum albumin (BSA, Sigma-Aldrich) for 20 min, the

samples were incubated with phalloidin-546 solution

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

(Invitrogen™, A22283, 1:50 in PBS) containing NucGreen™:-
Dead 488 (Invitrogen™, R37109, 1 drop per 5 ml in PBS) at 4
°C overnight. The procedure ended with rinsing spheroids
with PBS (3 x 5 min).

In a second series of experiments, to find out the precise
intracellular localisation of AGuIX®-Cy5.5 nanoparticles,
three antibodies were wused to label the main cell
compartments: EEA1 for early endosomes (Cell Signaling
Technology, #3288), AIF for mitochondria (Cell Signaling
Technology, #5318) and LAMP-1 for lysosomes (Cell Signaling
Technology, #9091). After fixation in paraformaldehyde (4%)
for 20 min and rinsing with PBS (3 x 5 min) according to the
protocol proposed by the manufacturer, cells were blocked in
a buffer (PBS/5% BSA/0.3% Triton™ X-100) for 60 min and
rinsed with PBS (3 x 5 min). These samples, either spheroids
in microwells or cell monolayers in Ibidi plates, were
incubated with EEA1 (1:100), AIF (1:400) and LAMP1 (1:
200) in a buffer (PBS/1% BSA/0.1% Triton™ X-100) overnight.

The incubation buffers were aspirated and cells were
rinsed with PBS (3 x 5 min). For the secondary antibody,
goat-anti rabbit IgG-Alexa 555 (Invitrogen™, A21428, 1:500,
in PBS/1% BSA/0.1% Triton™ X-100) was used. All samples
were then incubated with NucGreen™ Dead 488
(Invitrogen™, 1 drop per 5 ml in PBS) overnight for
spheroids and 4 h for cell monolayers. In the last step, they
were rinsed with PBS (3 x 5 min).

Spheroid clarification

Optical imaging of three-dimensional biological samples can
be performed using confocal fluorescence microscopy which
images these 3D samples via optical sectioning. However, this
technique faces several limitations, including light scattering,
attenuation of photons due to light absorption and local
refractive index differences, limiting the light depth of
penetration.”> Many different clarification techniques have
been developed to overcome such issues.*>** In the current
study, the clearing efficiency of two methods was analysed
using NucGreen™ signals in HCT-116 spheroids: RapiClear
1.52 (Sunjin Lab) and glycerol.*” Based on the quantification of
fluorescence intensities (Fig. S17), clarification with glycerol/
PBS (80%/20%) was chosen to clear spheroids in this study.

The solution for clarifying spheroids was prepared by
mixing glycerol (99.5%, VWR Chemicals) with PBS in the
ratio 80%/20%. A fresh solution was prepared for every
experiment. To clarify spheroids, just after fixation, they were
incubated in glycerol solution for 24 h. A detailed description
of the mounting procedure used for imaging of live and fixed
spheroids is described in Fig. S2.f For most experiments, the
microsystems were incubated with a fresh glycerol solution
and mounted between 2 coverslips separated by a 1 mm
sticky spacer (2 x 0.5 mm thick Ispacer, SunJin Lab).

Confocal fluorescence microscopy

Image acquisition of spheroids and cell monolayers was
carried out with a confocal microscope (Leica SP5) using

Lab Chip, 2021, 21, 2495-2510 | 2499
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either a 20x dry objective (NA = 0.7), a 25x water immersion
objective (NA = 0.95), or a 40x oil immersion objective (NA =
1.25). Image acquisition in the Z direction was performed
using a 1 pm z-step. Automatic image acquisitions for a large
number of spheroids were performed (about 4 h for 30
spheroids using 30% power for AGuIX®-Cy5.5 nanoparticles
(}Vexcitation =633 nm))

Image processing

Images obtained by confocal fluorescence microscopy were
analysed using a dedicated MATLAB routine. While spheroids
were imaged using optical sectioning in the Z direction, it
was useful to quantify the average signal intensity along the
radius of each spheroid.

To do this, the entire surface of each spheroid at each
imaging depth was first segmented using the intensity
signals coming from every nucleus (labelled with
NucGreen™-488). From this segmentation, the segmented
spheroid slices were first fitted into a perfect circle for each
imaging depth, followed by fitting each spheroid z-stack into
a perfect sphere. By changing the coordinates of analysis
from Cartesian (x, y, z) to spherical (R, theta, phi)
coordinates, the mean intensity of AGuIX®-Cy5.5
nanoparticles was averaged along theta and phi angles. The
obtained averaged intensity was normalised with the
maximum grey value of images obtained and plotted as a
function of the distance from the periphery.

For cell monolayers, the maximum Z-projection of each
field of view imaged by confocal microscopy (obtained by
Image]) was used and analysed with a MATLAB script to
quantify the mean intensity in these images. For each
sample, the average of the mean intensity computed in the
different fields of view was calculated.

Colocalisation quantification

To quantify the colocalisation of AGuIX®-Cy5.5 nanoparticles
with cell organelles from confocal fluorescence images, a
dedicated routine was developed to calculate the Pearson
correlation coefficient, indicating the degree of colocalisation
between fluorophores. Briefly, for each image of the acquired
stack, a mask of the spheroid was automatically defined using
nucleus staining. The correlation between the far-red and red
channels (corresponding to AGuIX®-Cy5.5 and organelle-
immunostaining, respectively) was then computed using the
corr2 MATLAB function. Using this routine, the Pearson
correlation coefficient was calculated in the spheroid area for
each image along the Z-direction (same as acquisition).

NanoSIMS cellular imaging

To prepare samples for NanoSIMS cellular imaging, HCT-116
cell spheroids were incubated with 2 mM AGuIlX®
nanoparticles for 72 h and then fixed with 2% glutaraldehyde
in cacodylate buffer (0.1 M, pH 7.8) for 60 min followed by
rinsing with PBS (3 x 5 min). Samples were then postfixed
with 1% osmium tetroxide followed by uranyl acetate staining
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and gradually dehydrated in ethanol (30% to 100%) and
embedded in Epon.

A 0.2 pm relatively thick section was deposited onto a
clean Si chip and dried in air before being introduced into a
NanoSIMS-50 Ion microprobe (CAMECA, Gennevilliers,
France) operating in scanning mode.*®*” For the present
study, a tightly focused Cs® primary ion beam at an impact
energy of 16 keV was used to monitor up to five secondary
ion species in parallel from the same sputtered volume: '>C”,
12CMNT, 288i, *'P7, as well as *°Cl™. The primary beam steps
over the surface of the sample to create images for these
selected ion species. The primary beam intensity was 3 pA
with a typical probe size of ~200 nm. The raster size was 60
pum with an image definition of 512 x 512 pixels. The
acquisition was carried out in multiframe mode with a dwell
time of 0.5 ms per pixel and 220 frames were recorded. The
image processing was performed using Image] software.*'
Successive image frames were properly aligned using the
TOMO]J plugin®® with C'*N~ images as reference to correct
the slight image field shift during the 8 h signal
accumulation before a summed image was obtained for each
ion species.

Results and discussion

A hydrogel-based microsystem was developed to generate
uniform-sized multicellular tumour spheroids (Fig. 1). The
design of these microwells was meant to meet the following
goals: (1) to make homogenous and uniform cell spheroids,
(2) to increase the throughput in drug screening and (3) to be
compatible with in situ treatment, immunostaining and
image acquisition as well as ex situ characterization
techniques. First, a silicon wafer mould was designed and
made using a classical photolithography technique (Fig. 1A).
From this silicon wafer mould, counter moulds in
polydimethylsiloxane (PDMS) were prepared (Fig. 1B), which
could be used several times to replicate microwells with
agarose hydrogel. To prepare agarose microwells, 2% ultra-
pure agarose solution was poured on the PDMS moulds
(Fig. 1C) and after gelation, they were placed on APTS-
functionalized coverslips (Fig. 1D) or directly transferred to
any classical multi-well plate (Fig. 1E).

This method enabled us to generate hundreds of
homogenous spheroids per microsystem in each well of a
multi-well plate (Fig. 1E and F). Thanks to the hydrogel
nature of the microwells, many experimental steps
including rinsing, changing the medium, spheroid fixation
and immunostaining could be implemented in the same
multi-well plate with no manipulation of spheroids, which
resulted in the treatment and labelling of several
spheroids simultaneously (Fig. 1G). The advantage of the
agarose microwells was the efficient transfer of medium
and solutions through it. The exchange rate has been
quantified by following up the removal of the FITC dye
and AGulIX®-Cy5.5 nanoparticles from the agarose
microwells via time-lapse image acquisition using confocal

This journal is © The Royal Society of Chemistry 2021
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microscopy (Fig. S3f). All curves were exponentially A plateau is reached after two hours for FITC (at 25 + 5%)
decreasing with a characteristic time of 25 min for FITC  and after 10 hours for AGuIX®-Cy5.5 nanoparticles (at 5 + 3%).
(23-27 min depending on the depth) and of 1 to 2 hours Of note, the compatibility of the hydrogel-based
for AGuIX®-Cy5.5 nanoparticles depending on the depth  microsystem with coverslips enabled in situ quantification of
of the focal plane. nanoparticle penetration and their 3D distribution within
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Fig. 2 Quantification of penetration and cellular uptake of AGuIX®-Cy5.5 nanoparticles in HCT-116 tumour spheroids and monolayer cell culture.
(A) Representative confocal fluorescence images of HCT-116 spheroids incubated with 0.8, 1.5 and 2 mM concentration of AGuIX®-Cy5.5 for 24 h
for four different depths (0, 30, 60 and 90 um). (B) Mean intensity along with standard deviation (light colors) of AGuIX®-Cy5.5 as a function of the
distance from the spheroid periphery (see the orthogonal view in the inset, green = nuclei, red = AGuIX®-Cy5.5) for 0.8 mM (yellow, N = 73), 1.5
mM (green, N = 68) and 2 mM (red, N = 121); three independent experiments. (C) Representative confocal fluorescence images of monolayer
HCT-116 cells exposed to AGulX®-Cy5.5 nanoparticles with 0.8, 1.5 and 2 mM concentration. (D) Quantification of the mean intensity of AGuIX®-
Cy5.5 nanoparticles in maximal projection of confocal fluorescence images of monolayer cells after 24 h of incubation with different AGUuIX®-
Cy5.5 concentrations: 0.8 mM (yellow, N = 40), 1.5 mM (green, N = 40) and 2 mM (red, N = 40); three independent experiments. Error bars
represent the standard deviations. (E) Mean and standard deviation of the concentration of Gd (ppb um™) uptaken by the cells after incubation
with 0.8, 1.5 and 2 mM concentration of AGuUIX® for 24 h in HCT-116 cell spheroids and monolayer cell culture measured with ICP-MS (N = 6, two
independent experiments).
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spheroids with high-resolution optical microscopy such as
confocal fluorescence microscopy (Fig. 1H). All spheroids
were within the same focal plane, giving access to easy
parallelization of 3D spheroid imaging (Fig. 1I). This is an
important aspect compared to already proposed hydrogel
microwells, where spheroids need to be transferred to a
dedicated microscopy plate for high-resolution 3D
imaging.””**">" Such a transfer first increases the complexity
in terms of handling and imaging, and second may induce
fusion between spheroids or deformation of spheroids, which
in turn may introduce biases in the analysis. Our original
and simple process (Biocompatible hydrogel microwell plate,
under patent®®) bridges an important gap for in-depth optical
spheroid analysis.

Moreover, these microwells are compatible with time-
lapse optical microscopy, facilitating follow-up of spheroid
growth for several days (Fig. S4 and Movie S1t). The system
enables us to produce very homogenous spheroids (Fig. S57),
which gives access to the heterogeneity of cell response, with
no bias induced by size heterogeneity. In our study,
nanoparticle penetration was mainly evaluated using
fluorescence intensity obtained from 3D confocal image
acquisition. Taking advantage of the large statistics provided
by our microsystems, we assessed the minimum number of
spheroids required to get reliable results (Fig. S6T). A
minimum of N = 30 spheroids is recommended to obtain
reliable results at an imaging depth corresponding to the
first quarter of the spheroids (0-50 pm from the periphery).
This number rises to N = 70 spheroids for an accurate
analysis close to the equatorial plane.

Cellular uptake of AGuIX®-Cy5.5 nanoparticles in 2D and 3D

As a proof of concept of the relevance of this new hydrogel-
based microsystem, the penetration and distribution of
AGUIX®-Cy5.5 nanoparticles (Dy = 5 nm) within spheroids was
investigated using the colorectal cancer cell line HCT-116. In a
previous study, it has been proven that the localisation of Gd-
based nanoparticles tagged with Cy5.5 is the same as that of
label-free nanoparticles in U87 cells.”” After 48 h of growth
within 200 pm agarose microwells, spheroids were incubated
with three different concentrations of AGuIX®-Cy5.5, 0.8, 1.5
and 2 mM in Gd, selected according to previous studies
performed in 2D cell culture.” In Fig. 24, fluorescence images
show the distribution of AGuIX®-Cy5.5 nanoparticles in
spheroids after 24 h of incubation with the three different
concentrations at different depths. These images showed
qualitatively that the number of nanoparticle clusters in
spheroids directly increases with the increase in initial
concentration of AGuIX®-Cy5.5 nanoparticles. For 0.8 mM, very
few nanoparticle clusters could be observed, while the number
of clusters increased in 1.5 and 2 mM concentrations. For 2
mM concentration, nanoparticles were detected within the
deeper layers of spheroids. Taking the spherical geometry of
the sample into account to quantify the fluorescence in each
image of spheroids, the mean intensity was calculated by
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averaging the intensity along theta and phi angles in the
direction of the radius. The in situ fluorescence analysis of
Fig. 2B enabled us to decipher the relative differences in
nanoparticle penetration in the range of concentrations
analysed. Consistent with the fluorescence images in Fig. 2A,
the mean intensity increased as the incubation concentration
increased. From the outermost layer to the centre of the
spheroids, the mean intensity decreased differently depending
on the concentration (from 34 + 8% to 28 + 14% for 0.8 mM,
from 68 + 8% to 46 + 15% for 1.5 mM and from 66 + 5% to 60
+ 24% for 2 mM). For the largest concentration (2 mM), deep
penetration was possible, while the penetration decreased
exponentially with the depth for 1.5 mM, with a characteristic
length of 44 + 2 um. Such a difference could be attributed to
the higher number of nanoparticles reaching the centre of the
spheroids for an incubation with 2 mM Gd. The relative
independence of fluorescence intensity with depth for the
lowest concentration (0.8 mM) could be attributed to a level
close to noise, with no real penetration of nanoparticles in the
periphery or in the centre of the spheroids.

To be sure that the presence of agarose in our
microsystem does not affect the distribution and cellular
uptake of AGuIX®-Cy5.5 nanoparticles within spheroids, a
control experiment was made using an ultralow adhesion 96-
well plate and 2 mM AGulX®-Cy5.5 nanoparticle
concentration (Fig. S7f). Similar results concerning the
penetration of the nanoparticles were obtained: the same
normalised intensity range and similar evolution as a
function of distance from the periphery.

Deep penetration of small nanoparticles (<12 nm) within
deep interstitial space has already been reported in vivo.>*
The in vitro platform described in the current study enables
assessing more quantitatively such penetration. Hence, it will
be a valuable tool to relate such penetration with therapeutic
efficacy in future studies.

To make a direct comparison with cellular uptake in 2D
cell culture, monolayers of HCT-116 cells were incubated with
the same concentrations of AGuIX®-Cy5.5 nanoparticles
(Fig. 2C). As expected, the number of AGuIX®-Cy5.5 clusters
increased as the initial concentration increased and the
quantification of fluorescence images of cell monolayers
(based on the mean intensity of AGuUIX®-Cy5.5) confirmed
that the uptake of nanoparticles increased with the
concentration of AGuIX®-Cy5.5 in the incubation medium
(Fig. 2D, from 14.0 + 0.3% for 0.8 mM, 25.8 + 1.8% for 1.5
mM to 70.8 + 4.4% for 2 mM). This mean intensity evolution
was hence different from the one obtained in 3D in the
periphery. However, as a true quantitative comparison is not
possible using fluorescence analysis, elemental analysis by
ICP-MS was performed concurrently to obtain a quantitative
analysis of Gd content within cells for both 2D and 3D
models (Fig. 2E). While the average nanoparticle uptake per
cell in 2D and 3D was similar for 0.8 mM ((0.580 + 0.006) x
107 ppb um™ in 2D vs. (0.59 + 0.05) x 10™** in 3D), the
uptake was two-fold higher in 2D compared to 3D for both
1.5 mM ((2.5 + 0.5) x 10°** ppb um™ in 2D vs. (1.0 = 0.2) x

This journal is © The Royal Society of Chemistry 2021
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107" in 3D) and 2 mM ((3.8 + 0.9) x 10™** ppb um™ in 2D vs.
(1.9 + 0.6) x 10™** ppb um™ in 3D).

One of the reasons for the reduction in effectiveness of
therapeutics in vivo compared to monolayer cell cultures is
the
therapeutics throughout the tumour tissue.” This is what we
also observed here, with a large reduction of nanoparticle
uptake in 3D compared to 2D cell culture.

lack of efficient penetration and distribution of

Another approach was used to compare the cellular uptake
of AGuIX®-Cy5.5 nanoparticles in 2D and 3D: 2D cells were
treated with 2 mM AGuIX®-Cy5.5 nanoparticles for 24 h, then
spheroids were made from these AGuIX®-Cy5.5 labelled cells
using the wusual protocol (Fig. S8t). Interestingly, the
distribution of nanoparticles differs when spheroids are
made with already labelled cells compared to direct
incubation with already formed spheroids, further
highlighting the difference in nanoparticle availability
between 2D and 3D models.

Kinetics of AGuIX®-Cy5.5 nanoparticle transport into spheroids

One of the crucial parameters in nanoscale design is the
pharmacokinetics of nanoparticles and understanding this
aspect of cell-nanoparticle interactions has a great
importance.’®*” The kinetics of penetration of AGUIX®-Cy5.5
nanoparticles within HCT-116 cell spheroids grown for 48 h
were assessed by analysing confocal images obtained for
different incubation times (1, 24 and 72 h) for the highest
concentration investigated (2 mM) (Fig. 3A). After 1 h of
incubation, the AGuIX®-Cy5.5 nanoparticles were mostly
residing in the peripheral layer of the spheroids, especially in
the extracellular space. After 24 h, clusters of nanoparticles
were found throughout the spheroids. At 72 h, the number of
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clusters was increasing for all depths up to the equatorial
plane (100 um).

The average intensity exhibited a different evolution with the
distance from the periphery, depending on the incubation time
(Fig. 3B). At the periphery, the average intensity was lower for 1
h incubation (52.2 + 1.3%) than for 24 h and 72 h that exhibited
similar values (68 + 1% and 65.8 + 0.7%, respectively). When we
moved to the centre of the spheroids, the mean intensity was
slightly lowered for 1 h and 24 h incubation (from 52.2 + 1.3%
down to 38.7 + 2.7% for 1 h, from 68 + 1% down to 59.5 + 1.9%
for 24 h). Accordingly, in 1 h incubation the mean intensity was
less than that of 24 h and 72 h samples in all regions of the
spheroids. Surprisingly, for 72 h, the average intensity exhibited
a non-monotonous evolution with the distance from the
periphery, with an intensity larger for the middle layers than at
the periphery (66 + 5% vs. 73.8 + 8.5% at a depth of 60 um).
This may be the result of the increased number of clusters
found for intermediate layers after 72 h of incubation time.

To follow the distribution and the transport of
nanoparticles within spheroids, an experiment was designed
to assess changes in AGuIX®-Cy5.5 nanoparticle distribution
before and after rinsing steps (Fig. 4). In this experiment, 2
days after cell seeding (Fig. 4, step I), the formed HCT-116
spheroids were incubated with 2 mM AGuIX®-Cy5.5 solution
for 72 h (Fig. 4, step II). Spheroids were then imaged in
incubation medium (Fig. 4, step III) and after three washing
steps of 15 min each (Fig. 4, step IV). Spheroids were kept in
the incubator for an additional 24 h and then imaged before
(Fig. 4, step V) and after (Fig. 4, step VI) another washing

procedure. Confocal fluorescence microscopy of living
spheroids showed that AGuIX®-Cy5.5 nanoparticle
fluorescence signals of the surrounding background
(fluorescence signal outside spheroids) was decreasing
B Mean Intensity along radius
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Fig. 3 Kinetics of penetration of AGuIX®-Cy5.5 nanoparticles in HCT-116 cell spheroids. (A) Representative confocal fluorescence images of HCT-
116 grown for 48 h and exposed to 2 mM concentration of AGuIX®-Cy5.5 nanoparticles for 1, 24 and 72 h. (B) Mean intensity along with standard
deviation (light colours) as a function of relative distance from the periphery for 1 h (blue, N = 50), 24 h (magenta, N = 121) and 72 h (green, N =

63; three independent experiments.
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Fig. 4 Dynamic analysis of AGuIX®-Cy5.5 nanoparticle transport and localisation within spheroids. HCT-116 cell spheroids were prepared using the
agarose microsystem (step ). After 48 h of growth, they were exposed to 2 mM AGuUIX®-Cy5.5 solution for 72 h (step II). (A) Spheroids were imaged in
the incubation medium (step Ill). (B) Spheroids were then rinsed with fresh medium three times for 15 min each and were imaged again (step V). (C)
Spheroids were allowed to grow for an additional 24 h (in an incubator at 37 °C and 5% CO,) before imaging (step V). (D) Spheroids were rinsed again
with fresh medium (3 x 15 min) before imaging (step VI). (E) Quantification of AGulX®-Cy5.5 nanoparticle mean intensity along the distance from the
periphery (N = 25). Bold lines represent the mean intensities, averaged for all spheroids. Light colours represent the standard deviations.

gradually with the different washing steps for all depths
(Fig. 4A-D). This is confirmed by the quantification of the
mean intensity along the spheroid radius (Fig. 4E): while the
mean intensity before washing (red curve) at the periphery
was around 92 + 10%, it was decreasing to 59 + 10% at 55
pm distance from the periphery. After the first washing step
(vellow curve), the mean intensity at the periphery reduced to
66 + 6% and reached a similar intensity level to the one
before washing at 55 um distance from the periphery (58 +
4%). Additional washing steps further reduced the mean
intensity at the periphery (64 + 14% and 54 + 14% before and
after the second washing step), while the mean intensity
obtained for deeper layers exhibited similar levels. The
second washing (blue curve) led to a steady value of mean
intensity (~54%) close to the mean intensity obtained at 55

2504 | Lab Chip, 2021, 21, 2495-2510

um distance from the periphery of spheroids for all washing
steps. This mean intensity should correspond to the signal
coming from nanoparticles that are internalized by the cells,
as all nanoparticles residing in the extracellular space have
been washed away.

Localisation of AGuIX®-Cy5.5 nanoparticles in spheroids
using their chemical signature

Due to the limit of resolution using standard confocal optical
microscopy (200 nm in the best imaging conditions), only
clusters of nanoparticles can be detected. In addition, we
cannot rule out that the distribution of the fluorophores does
not truly represent the distribution of the nanoparticles
themselves. To confirm the presence of nanoparticles,

This journal is © The Royal Society of Chemistry 2021
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B C

Fig. 5 Localisation of the AGuIX®-Cy5.5 nanoparticles in spheroids using NanoSIMS. NanoSIMS images of HCT-116 spheroids loaded with
AGuIX®-Cy5.5 nanoparticles. (A) Corresponds to the signal of 3!P~ showing the cell structure. (B) Highlights the signal of 28Si™ representing the
intracellular location of AGulX®-Cy5.5 nanoparticles. (C) Merged image of 28Si” and 3'P". Scale bar: 10 um.
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Fig. 6 Localisation of the AGuIX®-Cy5.5 nanoparticles in 2D monolayers. Fluorescence images of HCT-116 cells incubated with AGuIX®-Cy5.5
nanoparticles (2 mM, 24 h) and immunostained with antibodies to find the colocalization of nanoparticles inside cells. In all images, the red channel and
blue channel represent AGuIX®-Cy5.5 nanoparticles and cell nuclei, respectively. (A) The green channel depicts phalloidin, a marker of actin in cells,
which demonstrates nanoparticles localising both inside cells (yellow arrow) and in the space between cells (white arrow). (B) The green channel shows
early endosome in the cells, with no colocalisation with AGuIX®-Cy5.5 nanoparticles. (C) The green channel shows mitochondria and reveal very low
colocalisation with AGulX®-Cy5.5 nanoparticles (yellow colour). (D) The green channel shows the lysosomes, and colocalisation is demonstrated by the
yellow colour. White scale bar, 100 um; black scale bar, 10 um. (E) Distribution of Pearson correlation coefficients in the different fields of view to
quantify the colocalisation of AGuIX®-Cy5.5 nanoparticles with the three different cell organelles investigated. Error bars represent the standard errors
of the mean (SEM) of Pearson correlation coefficient values obtained for all fields of view and all available depths for three independent experiments. It
was plotted as scatter plots using the MATLAB UnivarScatter function (©Manuel Lera Ramirez, 2015, available in MATLAB exchange files).
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nanoscale secondary ion mass spectrometry (nanoSIMS) was  images of 2°Si” allowed the observation of the chemical
performed on spheroid sections (Fig. 5). This analytical  signature of the nanoparticles (Fig. 5B). Thereby, the
technique allows the acquisition of elemental composition  nanoparticles were found unequivocally inside the spheroid,
maps with a spatial resolution down to 50 nm. The images of  exclusively in the cytoplasm of the cells. Of note, again our
2C™ (see Fig. S71) and *°Cl” (data not shown) indicate the  microsystems enabled an easy sample preparation, as all
absence of defect in the sample section. Any damage, even  spheroids were within the same sectioning plane.

tiny holes, would appear with high contrast in the signal,
and such a signal was not observed. This validated that the
signal measured originated from the sample and not from
the subjacent pure silicon substrate. The image of >C'*N~
showed the histological aspect of the cell (data not shown),  Thanks to the full compatibility of the microsystems with in
while the one of *'P™ (Fig. 5A) highlights the cell nucleus.  situ immunostaining, it was possible to assess the
Since AGUIX®-Cy5.5 nanoparticles are mainly made of Si, the  localisation of nanoparticles in 2D cells (Fig. 6) and

Localisation of AGuIX®-Cy5.5 within cells in 2D and 3D
using immunostaining
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Fig. 7 Localisation of AGuIX®-Cy5.5 nanoparticles within spheroids. Fluorescence images of HCT-116 cell spheroids incubated with AGuIX®-
Cy5.5 nanoparticles (2 mM, 24 h) and immunostained with antibodies to find the colocalisation of nanoparticles inside cells. In all images, red and
blue channels represent AGulX®-Cy5.5 nanoparticles and cell nuclei, respectively. (A) The green channel depicts phalloidin, a marker of actin in
cells, which demonstrates that nanoparticles localise both inside cells (yellow arrow) and in the extracellular space of spheroids (white arrow). (B)
EEA1 antibody in the green channel shows early endosome; with very low colocalisation with nanoparticles (yellow colour). (C) AIF antibody
labelled mitochondria are shown in green, with very low colocalisation with AGuIX®-Cy5.5 nanoparticles (yellow colour). (D) LAMP1 antibody in
green channel stains lysosomes. Yellow colour represents the colocalisation of nanoparticles in red and lysosomes in green. White scale bar, 100
um; black scale bar, 10 pm. (E) Quantification of the colocalisation of AGuIX®-Cy5.5 nanoparticles with the three different cell organelles
investigated using Pearson correlation coefficient. Distribution obtained for all imaged spheroids and all imaging depths for the three different cell
organelles. Error bars represent standard errors of the mean (SEM) of Pearson correlation coefficient values obtained for all fields of view and all
available depths for three independent experiments. It was plotted as scatter plots using the MATLAB UnivarScatter function (©Manuel Lera
Ramirez, 2015, available in MATLAB exchange files).
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multicellular tumour spheroids (Fig. 7) using confocal
fluorescence microscopy.

Labelling of cell organelles confirmed that nanoparticles
were present in both extracellular and intracellular space in 2D
cells (Fig. 6A) and in 3D spheroids (Fig. 7A). Very low
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colocalisation of AGuIX®-Cy5.5 with early endosomes
(Fig. 6B and E in 2D and Fig. 7B and E in 3D) or mitochondria
(Fig. 6C and E in 2D and Fig. 7C and E in 3D) was evidenced by
immunostaining, while a large colocalisation with lysosomes
was observed in both 2D (Fig. 6D and E) and 3D environments
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Fig. 8 Localisation of Aguix®-Cy5.5-nanoparticles after an extensive washing procedure. Confocal fluorescence images of HCT-116 spheroids
incubated with AGuIX®-Cy5.5 nanoparticles for 72 h with 2 mM AGuIX® solution and washed according to the procedure mentioned in Fig. 4, then
fixed and immunostained with antibodies to find the colocalisation of nanoparticles in spheroids. For all images, red and blue channels are stained
AGuUIX®-Cy5.5 and nuclei, respectively. (A1-A3) Representative images of lysosome immunostaining obtained at various depths (A1, 0 um; A2, 25
um; A3, 50 um. Green channel = lysosome [LAMP1 antibody], yellow colour = possible colocalisation of AGuIX®-Cy5.5 nanoparticles with
lysosomes). (B) Pearson correlation coefficient for AGuIX®-Cy5.5 nanoparticles with lysosomes along with standard error of the mean (light colour)
as a function of depth (n = 27 spheroids, 3 independent experiments before washing, n = 5 spheroids after washing). (C) Zoomed-in portion of
merged image at a depth of 50 um (square in A3). (D1-D3) Representative images of mitochondria immunostaining obtained at various depths (D1,
0 um; D2, 25 um; D3, 50 um. Green channel = mitochondria [AIF antibody], yellow colour = possible colocalisation of AGuIX®-Cy5 nanoparticles
with mitochondria). (E) Pearson correlation coefficient for AGuIX®-Cy5.5 nanoparticles and mitochondria along with standard error of the mean
(light colour) as a function of depth (n = 22 spheroids, 3 independent experiments before washing, n = 5 spheroids after washing). (F) Zoomed-in
portion of merged image at a depth of 50 um (square in D3).
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(Fig. 7D and E). The Pearson correlation coefficient in both 2D
cells and 3D spheroids (Fig. 6E in 2D and Fig. 7E in 3D) showed
a higher value for lysosomes (0.48 + 0.18 and 0.42 + 0.12 for 2D
and 3D, respectively, compared to 0.36 + 0.12 and 0.18 + 0.09 for
early endosomes in 2D and 3D and 0.19 + 0.15 and 0.24 + 0.09
for mitochondria in 2D and 3D), showing the main intracellular
localisation of AGUIX®-Cy5.5 nanoparticles. It is noteworthy that
this colocalisation was not total and some nanoparticles were
still residing in between cells. These outcomes are in accordance
with previous studies showing localisation of nanoparticles in
the endocytic pathway and in lysosomes.**?

The internalization mechanisms of AGuIX® have been
thoroughly investigated in 2D.*® It has been shown that the
entry of such sub-5 nm nanoparticles is different depending
on nanoparticle concentration: passive diffusion and
eventually macropinocytosis, in case of formation of
nanoparticle clusters at the surface of the cell. It is known that
the internalization pathway for a specific nanoparticle can
differ between cell lines.”® For the HCT-116 cell line used in
this study, localisation of AGuIX®-Cy5.5 nanoparticles in
lysosomes and in smaller amounts in early endosomes
confirms that they were likely internalized by an endocytic
mechanism.”® Despite dominant colocalisation for both 2D
and 3D with lysosomes, in 2D images the Pearson correlation
coefficient average value for early endosomes is higher than
that for mitochondria (Fig. 6B and E), which contrasts with
these values in 3D (Fig. 7B and E). One explanation for this
difference is that for spheroids, cells have varying access to
the nanoparticles depending on their spatial position within
spheroids, which could lead to different internalization
processes. In 3D spheroids, AGuIX®-Cy5.5 nanoparticles were
confronted by barriers to reach the cells in deeper layers;
therefore they reach deeper layers in a lower amount (Fig. 2B)
and with a delay (Fig. 3B), which can change their intracellular
fate. This is another argument in favour of the 3D system for
nanoparticle transport analysis. In 2D, all cells are submitted
to the same homogeneous concentration of nanoparticles,
while in 3D, there is a large difference in nanoparticle
availability between cells that are at the periphery and cells in
the centre of the spheroids. In addition, in spheroids, similar
to natural tumours, there is a gradient of pH, oxygen and
metabolites,’ which might affect internalization and
intracellular trafficking of nanoparticles in deeper layers.**

As highlighted by the overall mean intensity decrease with
the washing procedure for the peripheral layers of the
spheroids (Fig. 4), the extracellular nanoparticles were
efficiently washed away after a long washing procedure (Fig.
S10,f no extracellular nanoparticles were detected with
immunostaining). Similar to results obtained after 72 h of
incubation, colocalisation with lysosomes was still the major
localisation of nanoparticles after this extensive washing
procedure (Fig. 8A-C for lysosomes compared to Fig. 8D-F
for mitochondria). The comparison of the Pearson correlation
coefficient of AGuIX®-Cy5.5 with both lysosomes and
mitochondria before and after washing suggests minor
intracellular trafficking and/or exocytosis of nanoparticles
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over time (Fig. 8B for lysosomes and 8E for mitochondria).
The Pearson correlation coefficient of AGuIX®-Cy5.5 with
lysosomes remained within a similar range before and after
washing (mean values of 0.41 + 0.03 vs. 0.40 + 0.11,
respectively), while a decrease in the Pearson correlation
coefficient of AGuIX®-Cy5.5 with mitochondria is observed
after washing, particularly in outer layers (0.26 + 0.02 vs. 0.18
+0.04 at 10 pm depth before and after washing, respectively),
reaching very low values for inner layers (0.20 + 0.04 vs. 0.18
+0.02 at 60 um depth before and after washing, respectively).
Such a decrease could be attributed to the removal of a few
AGuIX®-Cy5.5 clusters residing in mitochondria or possible
intracellular trafficking during the washing procedure.
Hence, we could say that the washing procedure had lesser
effect on AGuIX®-Cy5.5 nanoparticles residing in lysosomes.

Conclusion and outlook

We show in this study a simple agarose-based microsystem to
quantitatively track nanoparticle penetration and subcellular
localisation within a 3D cell culture model. The
reproducibility of the spheroid size obtained with such a
procedure dispenses the use of sophisticated automatic
procedures to choose and pick the appropriate spheroids. Of
note, our microsystems can be manufactured on conventional
multi-well plates. It is hence fully compatible with available
multi-well automated strategies.> In the present study, the
proof of concept was validated using spheroids made with the
classical colorectal cell line HCT-116. Nevertheless, our
approach is fully compatible with primary cells from patients
that could be grown as organoids®® in our microsystems,
combining full optical microscopy compatibility, size and
shape reproducibility, and large statistics. Combined with
optical and digital clearing,*® our approach opens up the
possibility to resolve tumour heterogeneity, at the single cell-
level, in a physiological context.

In the present study, the standard agarose used for the
preparation of the microsystems provides a cell-repellent
surface, with a stiffness in the 150 kPa range.®>®® In future
studies, the mechanical properties of the agarose gels will be
adjusted using different concentrations and types of agarose.
Elastic hydrogels as soft as 1 kPa can be obtained using low
concentrations of ultra-low agarose,”> matching the
physiological range of stiffness. It now calls for dedicated
studies to assess how nanoparticle penetration and therapeutic
efficacy is affected by the size of the 3D cell assembly, the
presence of an extracellular matrix of different stiffness and
composition, and the presence of associated tumour cells.®”
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