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Abstract

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) is 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 fluorescent
optical microscopy. On the other hand, spheroid-on-chip set-ups developed so far require a
microfluidic practical knowledge 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 plates format conventionally used in cell biology, our
simple process enables the formation of hundreds of reproducible spheroids in a single pipetting.
Immunostaining and fluorescent 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 in vitro platform for nanotherapeutics evaluation, this
study investigates the kinetic and localization 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 Cy 5.5. 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 few
days, we evidenced intracellular localisation of AGuIX®, mainly within lysosomes compartment, but
also occasionally within mitochondria. Our agarose-based microsystem appears hence as a promising
3D in vitro user-friendly platform for investigation of nanotherapeutics transport, ahead of in vivo
studies.
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Introduction

There is an ongoing effort to develop efficient therapeutics for cancer treatment including nano-drugs
and nanoparticles, nevertheless, the clinical translation of these therapeutics has to overcome
numerous challenges from early stages of development to a successful translation 2. Currently, the
standard pipeline for drug development is the 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-physiological environment encountered by the
cells in vivo. That could be the underlying reason of the high rate of clinical failure in development of
new drugs. On the other hand, there is also a rising questioning of the economical and ethical relevance
of rodent animal models, in particular because such models are not fully representative of human
specificity 3. 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, in complement of 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
>6, This is particularly important for emerging nanosized therapeutics 7. The presence of different
physiological barriers such as cell-cell compaction, tumour heterogeneity, dense extracellular matrix
along with various cancer-associated cells, will decrease the amount of nanotherapeutics effectively
reaching the targeted tumour cells ®°. The lack of such physiological context hampered reliable
predictions for the route and accumulation of those nanoparticles in vivo ° and is a major limitation
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68  for the efficient development of novel therapeutic approaches . To move beyond the classical 2D-
69 plastic dishes, different 3D in vitro models have been developed to try to better replicate in vivo
70 complexity of tumour microenvironment 2. Among them, Multi-Cellular Tumour Spheroids (MCTS)
71 recapitulate many tumour features including 3D cellular architecture, cellular heterogeneity, signalling
72 pathways and physiochemical gradient similar to real in vivo tumour micrometastasis ( for spheroids >
73 500 um in diameter) 377,
74  MCTS could be prepared with various techniques 2 such as using non-adherent surfaces 8, spinner
75  flasks *° or hanging drop methods 2°. Emerging attempts to integrate spheroids in microfluidic set-ups
76  open up new possibilities to deal with the low yield and slow process of the classical approach 222,
77 However, such spheroid-on-chip approaches require a microfluidic practical knowledge that is difficult
78  totransfer to a cell biology laboratory.
79 In addition, the polymeric materials commonly used for such devices (Polydimethylsiloxane -PDMS)
80  suffers from major limitations, precluding its usage for efficient drug screening in physiological
81  conditions 23 large absorption of therapeutics 22> (resulting in the underestimation of cell response
82  to drugs), non-permeability to small water-soluble molecules (leading to fast-medium conditioning if
83  continuous flow is not provided otherwise), rigidity several orders of magnitude larger than
84  physiological condition (MPa vs kPa range in vivo ).
85  To go beyond PDMS and its limitations, hydrogel-based microwells devices have been considered 2728,
86  Hydrogels are network of cross-linked polymers with tuneable physical properties and high capacity of
87 water retaining and interconnected pores enabling free diffusion of O,, nutrient and metabolic wastes,
88 which make them favourable alternatives in micro-system applications. Various techniques using
89 natural or synthetic hydrogels for MCTS formation, have been developed %73, However, none of these
90 set-ups meets all the criteria required for long-term time-lapse analysis (i.e. compatibility with high-
91 resolution video-microscopy, efficient medium and oxygen renewal, in-situ immunostaining/drug
92  application, no reduction of the available drug dose, easy cell retrieval for further standard molecular
93  analyses), within a physiological stiffness range.
94  We present here a simple yet highly flexible 3D-model microsystem consisting of agarose-based
95 microwells. This hydrogel with tuneable rigidity and great integrity presents several advantages making
96 it a suitable biomaterial in cell studies ***. The tuneable mechanical properties of the agarose can
97 reproduce the in vivo microenvironment stiffness. Its porous nature enables the free diffusion of salt
98  and small chemical species (hydrodynamic diameter <30 nm in 2% agarose 3%, which is the case for
99 most proteins). Our simple process enables the formation of hundreds of reproducible spheroids in a
100  single pipetting, and its compatibility with multi-well plate formats conventionally used in cell biology
101  can accelerate the screening of drugs in comparison with conventional 3D models. Of note, these
102 microwells can also be manufactured on coverslips, opening the possibility for live high-resolution
103 optical microscopy. In addition, the hydrogel-based microwells provides a user-friendly platform for
104  in-situ immunostaining and can be used for in-depth analysis of cell phenotypic modifications after
105  drug treatment.
106  As a proof-of-principle of the relevance of such in vitro platform for the evaluation of nanoparticles
107 screening, the aim of this study was to analyse the kinetic and localization of these nanoparticles within
108  colorectal cancer cells MCTS (HCT-116). The nanoparticles chosen for this proof-of-concept study are
109 sub-5 nm ultrasmall nanoparticles made of polysiloxane and gadolinium (Gd) chelates that can be
110  visualized in MRI and confocal microscopy (after functionalization by Cy5.5, a near-infrared
111 fluorophore). These nanoparticles, called AGulX’, are effective radiosensitizers for radiotherapy 3’ and
112 are now implicated in three clinical trials associating radiotherapy with AGulX® for treatment of
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113 multiple brain metastases by whole brain radiation therapy (NanoRad 2, Phase Il, multicentric),
114  stereotactic radiosurgery (NanoStereo, Phase Il, multicentric) and cervical cancer (Phase Ib, Gustave
115 Roussy). Nanoparticles-cell interactions and internalization pathways of these nanoparticles have been
116 assessed in vitro in 2D ¥, but never in 3D multicellular tumour spheroids.

117 We show in this study that the 3D cell arrangement highly impacts the amount of AGulX® nanoparticles
118 within cells. Using our flexible agarose-based microsystem, we were able to resolve spatially and
119  temporally the penetration and distribution of AGulX" nanoparticles within tumour spheroids. The
120 nanoparticles were first found in both extracellular and intracellular space of spheroids, mostly within
121 lysosomes compartment, but also occasionally within mitochondria. Whereas the extracellular part
122  was washed away after few days, the colocalization with lysosomes remained almost constant. Our
123 agarose-based microsystem appears hence as a promising 3D in vitro platform for investigation of
124 nanotherapeutics transport, ahead of in vivo studies.

125 Materials and Methods

126  Hydrogel based microsystem

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

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

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

140 Moulding of free-standing microwells: The agarose solution (300uL) was deposited on a warmed

141 PDMS mould (at 78°C) and a coverslip was then placed on top of the drop of agarose to spread it with
142  aconstantthickness on the mould. After agarose gelation into the desired shape (10 min), the coverslip
143  was removed and the moulded agarose microwells were cut to fit in the wells of a 24 multi-well plate.
144  The microwells were then placed in a 24-multi well plate and kept hydrated with PBS (1 mL/well). The
145 plate was UV-sterilized (8 W, 254 nm) for 20 min on opened and closed state and kept at 4°C until
146  used. The day before each experiment, PBS was replaced by culture medium and let to diffuse within
147 each microwell by overnight incubation at 37°C before cell seeding.

148  Moulding on APTS-functionalised coverslips:

149 First, holes were drilled in each well of a 12-well plate (diameter 16 mm) to prepare the plate for the

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

159 Colorectal cancer cell line, HCT116 and culture condition

160  HCT-116 colorectal carcinoma (CCL-247) cell line was purchased from the American Type Culture
161 Collection (ATCC, Virginia, USA). All cells were cultured in Dulbecco's Modified Eagle's medium (DMEM-
162 Glutamax, Gibco™), supplemented with 10% of heat-inactivated Fetal Bovine Serum (FBS; Sigma, St.
163 Louis, Missouri, US), 100 units/100 pg of penicillin/streptomycin (Gibco™).

164  Routinely, the HCT-116 cells were grown in T-25 cell culture flasks and were placed in the incubator at
165  37°Cwith a 5% CO; atmosphere. The culture medium was changed regularly, and the cell passage was
166  carried out at 70% confluency every 3 days. The cell passage was performed using recombinant cell-
167  dissociation enzyme (TrypLE, Gibco™) to detach cells followed by neutralizing with culture medium.
168  The cell suspension was centrifuged at 1000 rpm (equal to 106 g) for 5 min, the supernatant was
169  discarded, and the cell pellet was resuspended in 1 mL. The number of cells was counted with a
170 Neubauer chamber, and final cell volume was adjusted to reach the desired cell concentration.

171  Multicellular tumour spheroids

172 MCTS of HCT-116 cells were formed in 24-well plates containing agarose microwells in each well. After
173  trypsinization and centrifugation, 120,000 cells in 1 mL complete medium was added in each well
174  (containing each 1 microsystem). To encourage and accelerate cell aggregation, the 24-well plate was
175 placed under orbital agitation (160 rpm) for 15 min in the incubator at 37°C and 5% CO,. After 4 h, the
176  plate was rinsed with fresh medium to remove cells that did not reach the microwells. After 2 days,
177  spheroids were ready for incubation with nanoparticles.

178  Monolayer cell culture

179  After trypsinization and centrifugation of HCT-116 cells in culture, a cell suspension with 120,000 cells
180 in 1 ml was prepared. The cell suspension was added to tissue-treated coverslip plates (either 300 pL
181 in 8-well Ibidi® or 2mL in 12-well plate). Cells were incubated with nanoparticles 48 h after cell seeding.

182  Preparation of Cy5.5 conjugated Gadolinium based nanoparticles (AGulX®-Cy5.5)

183  The Gd-based nanoparticles (AGulX®) synthesized by NH TherAguix (Lyon, France) are composed of a
184 polysiloxane matrix surrounded by covalently bound DOTAGA-Gd ((1,4,7,10-tetraazacyclodode-cane-
185 1-glutaric acid-4,7,10-triacetic acid)-Gd). The synthesis process is already described in the literature %°.
186  Briefly, AGulX® nanoparticles are composed of a polysiloxane network surrounded by Gd chelates. The
187  chemical composition of AGuIX" nanoparticles is (GdSissNeC25021H42, 10 H20), with a molar mass
188  around 10 kDa. The hydrodynamic diameter of the AGulX® nanoparticles is close to 5 nm; and the
189  AGulX® nanoparticles are characterized by a zeta potential of 9.0 + 5.5 mV at pH 7.2. These AGulX®
190 nanoparticles were further conjugated to Cyanine-5.5(Cy5.5) fluorophore to make them detectable by
191 confocal fluorescence microscopy. They are referred as AGulX’-Cy5.5 nanoparticles in the rest of the
192  article.

193  Incubation of cells with AGuIX®-Cy5.5 nanoparticles

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

201  Inductively coupled plasma-mass spectrometry (ICP-MS)

202  Concentrations of Gd were analysed using a validated inductively coupled plasma-mass spectrometry
203 (ICP-MS). To prepare samples for this analysis, spheroids and monolayer cultured cells were incubated
204  with AGulX’-Cy5.5 nanoparticles with 0.8, 1.5 and 2 mM concentration in Gd for 24 h. After incubation,
205  spheroids were rinsed three times with PBS for 15 min each and dissociate using Trypsin + EDTA
206 (Gibco). The number of cells in each microwells was evaluated using a Neubaeur chamber. The cell
207  suspensionsin trypsin + EDTA of each sample were then centrifuged (900 g for 5 min), the supernatants
208  discarded, and cells pellets were dissolved in 150 pul HNO3 69% (ROTH) at 80° C for 3 h. The volume of
209 samples was adjusted to 10 mL by adding ultra-pure water and Gd concentration in each sample was
210  measured using ICP-Mass Spectrometer (PerkinElmer, NexlON® 2000). A similar procedure was used
211  for monolayer cell culture (the cells were rinsed with PBS (3x 5 min) and detached using trypsin
212 (Gibco)).

213 The mean value of cell volume was calculated by measuring the cell diameter after detaching or
214  dissociation using bright field microscopy followed by image processing using Imagel software %,
215  Accordingly, Gd concentrations obtained by ICP-MS measurements were divided by the average cell
216  volume calculated.

217  Localization of nanoparticles: Fixation, permeabilization and immunostaining.

218 First, cell nuclei and actin filaments in cytoskeleton were labelled. After incubation with AGulX’-Cy5.5
219 nanoparticles, spheroids were rinsed with PBS (3x 5 min), then fixed in paraformaldehyde (4%) for 20
220 min and permeabilized using 0.1% Triton X-100 (Acros) for 10 min. After blocking with 3% bovine serum
221 albumin (BSA, Sigma-Aldrich) for 20 min, samples were incubated with phalloidin-546 solution
222 (Invitrogen™, A22283, 1:50 in PBS) containing nucgreen™-Dead 488 (Invitrogen™, R37109, 1 drop/5ml
223 in PBS) at 4°C overnight. The procedure ended with rinsing spheroids with PBS (3x 5 min).

224  In a second series of experiments, to find out the precise intracellular localization of AGulX’-Cy5.5
225 nanoparticles, three antibodies were used to label the main cell compartments: EEA1 for early
226  endosomes (CellSignaling Technology, #3288), AIF for mitochondria (CellSignaling Technology, # 5318)
227  and LAMP-1 for lysosomes (CellSignaling Technology, #9091). After fixation in paraformaldehyde (4%)
228  for 20 min and rinsing with PBS (3x 5 min), according to the protocol proposed by the manufacture,
229 cells were blocked in the buffer (PBS/ 5% BSA/ 0.3% Triton™ X-100) for 60 min, and rinsed with PBS (3x
230 5 min). These samples, either spheroids in microwells, either cell monolayer in lbidi plates were
231 incubated with EEA1 (1:100), AIF (1:400) and LAMP1 (1:200) in the buffer (PBS/ 1% BSA/ 0.1% Triton™
232 X-100) overnight.

233 The incubation buffers were aspirated and cells were rinsed with PBS (3x 5 min). For the secondary
234 antibody, Goat-anti rabbit IgG-Alexa 555 (Invitrogen™, A21428, 1:500, in PBS/ 1% BSA/ 0.1% Triton™
235  X-100) was used. All samples were then incubated with nucgreen™ Dead 488 (Invitrogen™, 1 drop/5
236 ml in PBS) overnight for spheroids and 4 h for cell monolayers. In the last step, they were rinsed with
237 PBS (3x5 min).

238  Spheroids Clarification

239 Optical imaging of three-dimensional biological samples can be performed using confocal fluorescence
240  microscopy which images these 3D samples via optical sectioning. However this technique faces
241  several limitations including, light scattering, attenuation of photon due to light absorption and local
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242 refractive index differences limiting the light depth of penetration 2. Many different clarification
243  techniques have been developed to overcome such issues ***. In the current study, the clearing
244 efficiency of two methods has been analysed using nucgreen™ signals in HCT-116 spheroids: RapiClear
245 1.52 (SunjinLab) and Glycerol #°. Based on the quantification of fluorescence intensities (Fig.SI 1),
246 clarification with glycerol/PBS (80%/20%) has been chosen to clear spheroids in this study.

247  The solution for clarifying spheroids was prepared by mixing glycerol (99.5%, VWR Chemicals) with PBS
248 by the ratio of (80%/20%). A fresh solution was prepared for every experiment. To clarify spheroids,
249 just after fixation, they were incubated in glycerol solution for 24 h. A detailed description of the
250 mounting procedure used for imaging of live and fixed spheroids is described in Supplementary Fig.SI
251 2. For most experiments, the microsystems were incubated with a fresh glycerol solution and mounted
252 between 2 coverslips, separated by a 1 mm sticky spacer (2x0.5mm thick Ispacer, Sunlin Lab).

253  Confocal fluorescence microscopy

254  Image acquisitions of spheroids and cell monolayers were carried out with a confocal microscope
255 (Leica SP5) using either a 20X dry objective (NA= 0.7), a 25X water immersion objective (NA=0.95), or
256  a 40X oil immersion objective (NA=1.25). Image acquisitions in Z direction was performed usinga 1 um
257  z-step. Automatic image acquisitions for a large number of spheroids were performed (about 4 h for
258 30 spheroids using 30% power for AGulX’-Cy5.5 nanoparticles (Aexcitation = 633 nm)).

259  Image processing

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

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

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

275  Colocalization quantification

276  To quantify the colocalization of AGulX’-Cy5.5 nanoparticles with cell organelles from confocal
277  fluorescence images, a dedicated routine has been developed to calculate Pearson’s correlation
278  coefficient, indicating the degree of colocalization between fluorophores. Briefly, for each image of
279  the acquired-stack, a mask of the spheroid was automatically defined using the nucleus staining.
280  Correlation between the far-red and red channels (corresponding to AGulX®-Cy5.5 and organelle-
281 immunostaining respectively) was then computed using the corr2 Matlab function. Using this routine,
282 Pearson’s correlation coefficient was calculated in the spheroid area for each image along the Z-
283  direction (same as acquisition).
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284  NanoSIMS Cellular imaging

285  To prepare samples for NanoSIMS cellular imaging, HCT-116 cell spheroids were already incubated
286  with 2mM AGuIX® nanoparticles for 72h and then fixed with 2% glutaraldehyde in cacodylate buffer
287 (0.1 M, pH 7.8) for 60 min, followed by rinsing with PBS (3x5min). Samples were then postfixed with
288 1% osmium tetroxide follow by uranyl acetate staining and gradually dehydrated in ethanol (30% to
289 100%) and embedded in Epon.

290 A 0.2 um relatively thick section was deposited onto clean Si chip and dried in air before being
291 introduced into a NanoSIMS-50 lon microprobe (CAMECA, Gennevilliers, France) operating in scanning
292 mode “¢*’_ For the present study, a tightly focused Cs* primary ion beam at an impact energy of 16 keV
293 was used to monitor up to five secondary ion species in parallel from the same sputtered volume: 12C
294 , 2CY¥N;, 28si, 31p-, as well as 3°CI". The primary beam steps over the surface of the sample to create
295 images for these selected ion species. The primary beam intensity was 3 pA with a typical probe size
296 of =200 nm. The raster size was 60 um with an image definition of 512x512 pixels. The acquisition was
297  carried out in multiframe mode with a dwell time of 0.5 ms per pixel and 220 frames were recorded.
298 The image processing was performed using the Imagel software *1. Successive image frames were
299  properly aligned using TOMOJ plugin *® with 2C**N- images as reference to correct the slight image
300 field shift during the 8 h signal accumulation, before a summed image was obtained for each ion
301 species.

302
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303 Results and Discussion

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

314  This method enabled us to generate hundreds of homogenous spheroids per microsystem in each well
315 of a multi-well plate (Fig. 1E, F). Thanks to the hydrogel nature of the microwells, many experimental
316  steps including rinsing, changing medium, spheroid fixation and immunostaining could be
317 implemented in the same multi-well plate, with no manipulation of spheroids, which resulted in the
318 treatment and labelling of several spheroids simultaneously (Fig. 1G). The advantage of the agarose
319 microwells was the efficient transfer of medium and solutions through it. The exchange rate has been
320 quantified by following-up the removal of FITC dye and AGulX®-Cy5.5 nanoparticles from the agarose
321 microwells via time-lapse image acquisition using confocal microscopy (Fig.SI.3). All curves were
322  exponentially decreasing with a characteristic time of 25 min for FITC (23-27 min depending on the
323 depth) and of 1 to 2 hours for AGuIX®-Cy5.5 nanoparticles, depending on the depth of the focal plane.
324 A plateau is reached after two hours for FITC (at 255 %) and after 10 hours for AGulX®-Cy5.5
325 nanoparticles (at 513 %).

326 Of note, the compatibility of the hydrogel-based microsystem with coverslips enabled in-situ
327  quantification of nanoparticle penetration and their 3D distribution within spheroids with high-
328 resolution optical microscopy such as confocal fluorescence microscopy (Fig. 1H). All spheroids were
329  within the same focal plane, giving access to easy parallelization of 3D spheroids imaging (Fig. 11). This
330 is an important aspect compared to already proposed hydrogel microwells, where spheroids need to

274351 Sych transfer

331 be transferred to a dedicated microscopic-plate for high-resolution 3D imaging
332 first increases the complexity in terms of handling and imaging, and second may induces fusion
333 between spheroids, or deformation of spheroids, which in turn may introduce biases in the analysis.
334  Our original and simple process (Biocompatible hydrogel microwell plate, under patent®) bridge an
335  important gap for in-depth optical spheroid analysis.

336  Moreover, these microwells are compatible with time-lapse optical microscopy, facilitating follow-up
337  of spheroids growth for several days (Fig. SI.4, movie 1). The system enables us to produce very
338 homogenous spheroids (Fig. SI.5), which gives access to the heterogeneity of cell response, with no
339 bias induced by size heterogeneity. In our study, nanoparticles penetration was mainly evaluated using
340 fluorescent intensity obtained from 3D confocal image acquisition. Taking advantage of the large
341  statistics provided by our microsystems, we assessed the minimum number of spheroids required to
342 get reliable results (Fig. SI.6). A minimum of N=30 spheroids is recommended to get reliable results at
343  an imaging depth corresponding to the first quarter of the spheroids (0-50 um from the periphery).
344  This number rises to N=70 spheroids for an accurate analysis close to the equatorial plane.

345
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Figure.1. Presentation of the hydrogel-based microsystems for spheroids 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 cover slip functionalized by APTS to make the agarose microsystem adhesive on
the cover slip. (D) Cylindrical agarose microwells with diameter and height of 200 um for each microwell. (E) Cell seeding using
agarose microsystem in a 24-well plate for preparation of spheroids (leading to the formation of 130 spheroids/well). (F)
Optical microscopy images of several homogenous HCT116 cell spheroids made in 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 agarose microsystem labelled
for actin (green) and nuclei (blue) (10X magnification) and an enlarged MIP of one of the spheroids (20X magnification).
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356  Cellular uptake of AGulX®-Cy5.5 nanoparticles in 2D and 3D

357  As a proof-of-concept of the relevance of this new hydrogel-based microsystem, the penetration and
358  distribution of AGuIX’-Cy5.5 nanoparticles (D=5 nm) within spheroids was investigated using the
359 colorectal cancer cell line HCT-116. In a previous study, it has been proven that localization of Gd-based
360 nanoparticles tagged with Cy5.5 is the same as label-free nanoparticles in U87 cells 2. After 48 h of
361  growth within 200-um agarose microwells, spheroids were incubated with three different
362 concentrations of AGulX’-Cy5.5, 0.8, 1.5 and 2 mM in Gd, selected according to previous studies
363 performed in 2D cell culture *3. In Fig. 2A. fluorescence images display the distribution of AGulX°-Cy5.5
364  nanoparticles in spheroids after 24 h incubation with the three different concentrations at different
365 depths. These images showed qualitatively that the number of nanoparticles clusters in spheroids
366  directlyincreases with increase in initial concentration of AGulX’-Cy5.5 nanoparticles. For 0.8 mM, very
367 few nanoparticle clusters could be observed, while the number of clusters increased in 1.5 and 2 mM
368  concentrations. For 2 mM concentration, nanoparticles were detected within the deeper layers of
369  spheroids. Taking the spherical geometry of the sample into account to quantify the fluorescence in
370 each images of spheroids, the mean intensity was calculated by averaging intensity along theta and
371 phi angles in direction of the radius. The in-situ fluorescence analysis of Fig. 2B enabled to decipher
372  therelative differences in nanoparticles penetration in the range of concentration analysed. Consistent
373  with the fluorescent images in Fig. 2A, the mean intensity increased as the incubation concentration
374 increased. From the outermost layer to the centre of the spheroids, the mean intensity decreased
375  differently depending on the concentration (from 34+8% to 28+14% for 0.8 mM, from 68+8% to
376  46115% for 1.5 mM and from 66+5% to 60+24% for 2 mM). For the largest concentration (2 mM), deep
377 penetration was possible, while the penetration decreased exponentially with the depth for 1.5 mM,
378  with a characteristic length of 44+2 um. Such difference could be attributed to the higher number of
379 nanoparticles reaching the centre of the spheroids for an incubation with 2 mM Gd. The relative
380 independence of fluorescence intensity with depth for the lowest concentration (0.8 mM), could be
381  attributed to a level close to noise, with no real penetration of nanoparticles nor in the periphery,
382 neither in the centre of the spheroids.

383  To besure that the presence of agarose in our microsystem does not affect the distribution and cellular
384  uptake of AGulX®-Cy5.5 nanoparticles within spheroids, a control experiment was made using ultra
385 low adhesion 96-well plate and 2mM AGuIX®-Cy5.5 nanoparticle concentration (Fig. SI 7). Similar
386  results concerning the penetration of the nanoparticles were obtained: same normalised intensity
387 range, and similar evolution as a function of distance from the periphery.

388  Deep penetration of small nanoparticles (<12 nm) within deep interstitial space have already been
389 reported in vivo **. The in vitro platform described in the current study enables to assess more
390 quantitatively such penetration. It will hence be a valuable tool to relate such penetration with
391 therapeutic efficacy in future studies.

392  To make a direct comparison with cellular uptake in 2D cell culture, monolayers of HCT-116 cells were
393 incubated with the same concentrations of AGuIX’-Cy5.5 nanoparticles (Fig. 2C). As expected, the
394  number of AGulX’-Cy5.5 clusters raised as the initial concentration increased and the quantification of
395  fluorescence images of cell monolayers (based on the mean intensity of AGulX’-Cy5.5) confirmed that
396 the uptake of nanoparticles increased with the concentration of AGulX’-Cy5.5 in the incubation
397 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
398 mean intensity evolution was hence different from the one obtained in 3D in the periphery. However,
399 as a true quantitative comparison is not possible using fluorescent analysis, elemental analysis by ICP-
400 MS was performed concurrently to get a quantitative analysis of Gd content within cells for both 2D
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401  and 3D models (Fig. 2E). While the average nanoparticles uptake per cell in 2D and 3D were similar for
402 0.8 mM ((0.580+0.006).10* ppb/um3in 2D vs (0.59+0.05).10** in 3D), the uptake was two-fold higher
403  in 2D compared to 3D for both 1.5 mM ((2.5+0.5).10 ppb/um? in 2D vs (1.0+0.2).10** in 3D) and 2
404  mM ((3.840.9).10* ppb/um?3in 2D vs (1.940.6).10%* ppb/um? in 3D).

405 One of the reasons of the reduction in effectiveness of therapeutics in vivo compared to monolayer
406 cell cultures is the lack of efficient penetration and distribution of therapeutics throughout tumour
407  tissue *°. This is what we also observed here, with a large reduction of nanoparticles uptake in 3D
408 compared to 2D cell-culture.

409  Another approach was used to compare cellular uptake of AGulX®-Cy5.5 nanoparticles in 2D and 3D:
410 2D cells were treated with 2mM AGulX’-Cy5.5 nanoparticles for 24 h, then spheroids were made from
411  these AGuIX’-Cy5.5 labelled cells using the usual protocol (Fig Sl 8). Interestingly, the distribution of
412 nanoparticles differs when spheroids are made with already labelled cells, compare to direct
413 incubation with already formed spheroids, further highlighting the difference in nanoparticles
414  availability between 2D and 3D models.
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416  Figure.2. Quantification of penetration and cellular uptake of AGulX°-Cy.5.5 nanoparticles in HCT116
417  tumour spheroids and monolayer cell culture.

418 (A) Representative confocal fluorescence images of HCT-116 spheroids incubated with 0.8, 1.5 and 2 mM concentration of
419 AGuIX®-Cy 5.5 for 24 h for four different depths (0, 30, 60 and 90 um). (B) Mean intensity along with standard deviation (light
420 colors) of AGulX®-Cy 5.5 as a function of the distance from the spheroids periphery (see the orthogonal view in the inset,
421 green=nuclei, red = AGulX®-Cy5.5) for 0.8 mM (yellow, N=73), 1.5 mM (green, N=68) and 2 mM (red, N=121), three

422 independent experiments. (C) Representative confocal fluorescence images of monolayer HCT-116 cells exposed to AGulX"-
423 Cy5.5 nanoparticles with 0.8, 1.5 and 2 mM. (D) Quantification of the mean intensity of AGulX® -Cy5.5 nanoparticles in
424 maximal projection of confocal fluorescence images of monolayer cells after 24h incubation with different AGulX°-Cy5.5

425 concentrations: 0.8 mM (yellow, N=40), 1.5 mM (green, N=40) and 2 mM (red, N=40), three independent experiments. Error
426 bars represent the standard deviations. (E) Mean and standard deviation of the concentration of Gd (ppb/um3) uptaken by
427 the cells after incubation with 0.8, 1.5 and 2 mM concentration of AGulX® for 24 h in HCT116 cell spheroids and monolayer cell
428 culture measured with ICP-MS technique (N = 6, two independent experiments).
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429  Kinetics of AGulX®-Cy5.5 nanoparticles transport into spheroids

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

438 The average intensity was exhibiting different evolution with the distance from the periphery,
439  depending on the incubation time (Fig. 3B). At the periphery, the average intensity was lower for 1 h
440 incubation (52.2+1.3%) than for 24 h and 72 h that exhibit similar values (68+1% and 65.8+0.7%,
441 respectively). When we moved to the centre of the spheroids, the mean intensity is slightly lowered
442 for 1 h and 24 h incubation (from 52.2+1.3% down to 38.7+2.7% for 1h, from 68+1% down to 59.5+1.9
443 % for 24 h). Accordingly, in 1 h incubation the mean intensity is less than 24 h and 72 h samples in all
444 regions of the spheroids. Surprisingly, for 72 h, the average intensity exhibited a non-monotonous
445  evolution with the distance from the periphery, with an intensity larger for middle layers than at the
446  periphery (66+5% vs 73.8 £8.5% at a depth of 60 um). This may be the results of increased number of
447 clusters found for intermediate layers after 72 h incubation time.
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449 Figure.3. Kinetics of penetration of AGulX’-Cy5.5 nanoparticles in HCT-116 cell spheroids.

450 (A) Representative confocal fluorescence images of HCT-116 grown for 48 h, exposed to 2mM concentration of AGulX®-Cy5.5
451 nanoparticles for 1, 24 and 72 h. (B) Mean intensity along with standard deviation (light colours) as a function of relative
452 distance from the periphery for 1 h (blue, N=50), 24 h (magenta, N=121) and 72 h (green, N=63), three independent
453 experiments.

454
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455  To follow the distribution and the transport of nanoparticles within spheroids, an experiment was
456 designed to assess changes in AGulX’-Cy5.5 nanoparticles distribution before and after rinsing steps
457 (Fig. 4). In this experiment, 2 days after cell seeding (Fig. 4 step 1), the formed HCT-116 spheroids were
458 incubated with 2 mM AGuIX"-Cy5.5 solution for 72 h (Fig. 4, step ). Spheroids were then imaged in
459 incubation medium (Fig. 4 step Ill) and after three washing steps of 15 min each (Fig. 4 step IV).
460  Spheroids were kept in the incubator for additional 24 h and then imaged before (Fig. 4 step V) and
461  after (Fig. 4 step VI) another washing procedure. Confocal fluorescence microscopy of living spheroids
462 showed that AGulX’-Cy5.5 nanoparticles fluorescence signals of the surrounding background
463 (fluorescence signal outside spheroids) was decreasing gradually with the different washing steps for
464  all depth (Fig. 4A-D). This is confirmed by the quantification of the mean intensity along the spheroid
465 radius (Fig. 4E): while the mean intensity before washing (red curve) at the periphery was around
466  92+10%, it was decreasing to 59+10% at 55 pum distance from the periphery. After the first washing
467  step (yellow curve), the mean intensity at the periphery reduced to 6616% and reached a similar
468 intensity level than to the one before washing at 55 um distance from the periphery (58+4%). Further
469 washing steps further reduced the mean intensity at the periphery (64+14% and 54+14% before and
470  after the second washing step), while the mean intensity obtained for deeper layers exhibited similar
471 levels. The second washing (blue curve), led to a steady value of mean intensity (~54%) close to the
472 mean intensity obtained at 55 um distance from the periphery of spheroids for all washing steps. This
473 mean intensity should correspond to the signal coming from nanoparticles that are internalized by the
474 cells, as all nanoparticles residing in the extracellular space have been washed away.

475

476
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478 Figure.4. Dynamic analysis of AGulX’-Cy5.5 nanoparticles transport and localization within

479  spheroids.

480 HCT-116 cell spheroids were prepared using agarose microsystem (step 1). After 48 h growth, they were exposed to 2 mM
481 AGuIX®-Cy5.5 solution for 72 h (step ll). (A) Spheroids were imaged in the incubation medium (step Ill). (B) Spheroids were
482 then rinsed with fresh medium three times for 15 min each and were imaged again (step IV). (C) Spheroids were allowed to
483 grow for an additional 24h (in an incubator at 37°C and 5% CO,) before imaging (step V). (D) Spheroids were rinsed again
484 with fresh medium (3x15min), before imaging (step VI). (E) Quantification of AGulX°-Cy5.5 nanoparticles mean intensity along
485 the distance from the periphery (N=25). Bold lines represent the mean intensities, averaged for all spheroids. Light colours
486 represent the standard deviations.
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487  Localization of AGulX®-Cy5.5 nanoparticles in spheroids using their chemical signature

488 Due to the limit of resolution using standard confocal optical microscopy (200 nm in the best imaging
489 conditions), only clusters of nanoparticles can be detected. In addition, we cannot rule out that the
490 distribution of the fluorophore do not truly represent the distribution of the nanoparticles themselves.
491  To confirm the presence of nanoparticles, nanoscale Secondary lon Mass Spectrometry (nanoSIMS)
492  was performed on spheroids sections (Fig. 5). This analytical technique allows the acquisition of
493  elemental composition maps with a spatial resolution down to 50 nm. The images of 12C (see Fig.S1.7)
494  and *CI (data not shown) indicates the absence of defect in the sample section. Any damage, even
495  tiny holes, would appear with high contrast in signal, and such signal was not observed. This validated
496  that the signal measured was originated from the sample and not from the subjacent pure silicon
497  substrate. The image of 2C*N- showed the histological aspect of the cell (data not shown) while the
498  one of 3!P- (Fig. 5A) highlights the cell nucleus. Since AGulX’-Cy5.5 nanoparticles are mainly made of
499  Si, the images of ?8Si allowed the observation of the chemical signature of the nanoparticles (Fig. 5B).
500 Thereby, the nanoparticles were found unequivocally inside the spheroid, exclusively in the cytoplasm
501  of the cells. Of note, again our microsystems enabled an easy sample preparation, as all spheroids

502  were within the same sectioning plane.
& S

503
504

505
506  Figure 5. Localisation of the AGulX®-Cy5.5 nanoparticles in spheroids using NanoSIMS.
507 NanoSIMS images of HCT-116 spheroids loaded with AGulX®-Cy5.5 nanoparticles. (A) corresponds to the signal of 31P- showing

508 the cell structure. (B) highlights the signal of 28Si- representing the intracellular location of AGulX®-Cy5.5 nanoparticles. (C)
509 Merged image of 2Si~ and 31P-. Scale bar: 10 um.

510 Localisation of AGulX®-Cy5.5 within cells in 2D and 3D using immunostaining.

511  Thanks to the full compatibility of the microsystems with in-situ immunostaining, it was possible to
512  assess the localisation of nanoparticles in 2D cells (Fig. 6) and multicellular tumour spheroids (Fig. 7),
513 using confocal fluorescence microscopy.

514
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Figure 6. Localization of the AGulX®-Cy5.5 nanoparticles in 2D monolayers.

Fluorescence images of HCT-116 cells incubated with AGulX®-Cy5.5 nanoparticles (2 mM, 24 h) and immunostained with
antibodies to find colocalization of nanoparticles inside cells. In all images red channel and blue channel represent AGulX°-
Cy5.5 nanoparticles and cell nuclei respectively. (A) 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) Green
channel shows early endosome in the cells, with no colocalization with AGulX®-Cy5.5 nanoparticles. (C) Green channel shows
mitochondria and reveal very low colocalization with AGulX®-Cy5.5 nanoparticles (yellow colour). (D) Green channel shows
the lysosomes and colocalization is demontrasted by the yellow colour. White scale bar, 100 um and black scale bar, 10 um.
(E) Distribution of Pearson correlation coefficients in the different fields of view to quantify the colocalization of AGulX*-Cy5.5
nanoparticles with the three different cell organelles investigated. Error bars represent standard error of the mean (SEM) of
pearson correlation coefficient values obtained for all fields of view and all available depth, 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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529
530  Figure 7. Localization of AGulX®-Cy5.5 nanoparticles within spheroids.
531 Fluorescence images of HCT116 cells spheroids incubated with AGulX°®-Cy5.5 nanoparticles (2 mM, 24 h) and immunostained

532 with antibodies to find colocalization of nanoparticles inside cells. In all images, red and blue channels represent AGulX®-Cy5.5
533 nanoparticles and cell nuclei respectively. (A) Green channel depicts phalloidin, a marker of actin in cells, which demonstrates
534 that nanoparticles localize both inside cells (yellow arrow) and in the extracellular space of spheroid (white arrow). (B) EEA1
535 antibody in green channel shows early endosome; with very low colocalization with nanoparticles (yellow colour). (C) AIF
536 antibody labelled mitochondria is shown in green, with very low colocalization with AGulX®-Cy5.5 nanoparticles (yellow
537 colour). (D) LAMP1 antibody in green channel stains lysosomes. Yellow colour represents the colocalization of nanoparticles
538 in red and lysosomes in green. White scale bar, 100 um and black scale bar, 10 um. (E) Quantification of the colocalization of
539 AGuIX®-Cy5.5 nanoparticles with the three different cell organelles investigated using Pearson correlation coefficient.
540 Distribution obtained for allimaged spheroids and all imaging depth for the three different cell organelles. Error bars represent
541 standard error of the mean (SEM) of pearson correlation coefficient values obtained for all fields of view and all available
542 depth, for three independent experiments. It was plotted as scatter plots using the matlab UnivarScatter function (°Manuel

543 Lera Ramirez, 2015, available in Matlab exchange files).
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544

545 Labelling of cell organelles confirmed that nanoparticles were present in both extracellular and
546 intracellular space in 2D cells (Fig. 6A) and in 3D spheroids (Fig. 7A). Very low colocalization of AGulX’-
547  Cy5.5 with early endosomes (Fig. 6B, E in 2D and Fig. 7B, E in 3D) or mitochondria (Fig. 6C, E in 2D and
548 Fig. 7C, E in 3D) was evidenced by immunostaining, while a large colocalization with lysosome was
549  observed in both 2D (Fig. 6D, E) and 3D environments (Fig. 7D, E). Pearson correlation coefficient in
550  both 2D cells and 3D spheroids (Fig.6E in 2D and Fig.7E in 3D) showed a higher value for lysosomes
551 (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
552  endosomes in 2D and 3D and 0.19+0.15 and 0.24+0.09 for mitochondria in 2D and 3D) showing the
553 main intracellular localisation of AGulX’-Cy5.5 nanoparticles. Noteworthy, this colocalization was not
554  total and some nanoparticles were still residing in between cells. These outcomes are in accordance
555  with previous studies showing localisation of nanoparticles in endocytic pathway and in lysosomes®®2,
556 Internalization mechanisms of AGulX" have been thoroughly investigated in 2D 3%, It has been shown
557  that entry of such sub-5nm nanoparticles is different depending on nanoparticles concentration:
558 passive diffusion and eventually macropinocytosis, in case of formation of nanoparticles cluster at the
559  surface of the cell. It is known that the internalization pathway for a specific nanoparticle can differ
560 between cell lines 8. For the HCT-116 cell line used in this study, localisation of AGuIX®-Cy5.5
561 nanoparticles in lysosomes and in smaller amounts in early endosomes confirms they were likely
562 internalized by an endocytic mechanism *°. Despite dominant colocalization for both 2D and 3D with
563 lysosomes, in 2D images the Pearson Correlation Coefficient average value for early endosomes is
564 higher than mitochondria (Fig. 6B, E), which contrasts with these values in 3D (Fig. 7B, E). One
565  explanation for this difference is that for spheroids, cells have varying access to the nanoparticles
566 depending on their spatial position within spheroids, which could lead to different internalization
567 processes. In 3D spheroids, AGulX®-Cy5.5 nanoparticles were confronted to barriers to reach the cells
568 in deeper layers, therefore they reach deeper layers in a lower amount (Fig.2B) and with a delay
569  (Fig.3B), which can change their intracellular fate. This is another argument in favour of 3D system for
570  nanoparticle transport analysis. In 2D, all cells are submitted to the same homogeneous concentration
571  of nanoparticles, while in 3D, there is a large difference in nanoparticles availability in between cells
572  that are at the periphery and cells in the centre of the spheroids. In addition, in spheroids, similar to
573 natural tumours there is a gradient of pH, oxygen and metabolites ¢, which might affect internalization
574  and intracellular trafficking of nanoparticles in deeper layers %,

575  As highlighted with the overall mean intensity decrease with washing procedure for the peripheral
576 layers of the spheroids (Fig. 4), the extracellular nanoparticles were efficiently washed away after a
577 long washing procedure (Sup. Fig. SI 10, no extracellular nanoparticles were detected with
578 immunostaining). Similar to results obtained after 72 h incubation, colocalization with lysosomes was
579 still the major localisation of nanoparticles after this extensive washing procedure (Fig. 8 A, B, C for
580 lysosomes compared to Fig. 8 D, E, F for mitochondria). The comparison of Pearson’s correlation
581  coefficient of AGuIX®-Cy5.5 with both lysosomes and mitochondria before and after washing suggests
582 minor intracellular trafficking and/or exocytosis of nanoparticles over time (Fig. 8B for lysosomes and
583  8E for mitochondria). The Pearson’s correlation coefficient of AGulX®-Cy5.5 with lysosomes remained
584  within a similar range before and after washing (mean values of 0.41 £ 0.03 vs 0.40 £ 0.11 respectively),
585  while a decrease in Pearson’s correlation coefficient of AGuIX®-Cy5.5 with mitochondria is observed
586  after washing, particularly in outer layers (0.26 + 0.02 vs 0.18 + 0.04 at 10 um-depth before and after
587  washing respectively), reaching very low value for inner layers (0.20 + 0.04 vs 0.18 + 0.02 at 60 um-
588  depth before and after washing respectively). Such decrease could be attributed to the removal of few
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589  AGuIX®-Cy5.5 clusters residing in mitochondria or possible intracellular trafficking during the washing
590 procedure. Hence, we could say that washing procedure had lesser effect on AGuIX®-Cy5.5
591 nanoparticles residing in lysosomes.
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593  Figure 8. Localisation of Aguix-Cy5.5-nanoparticles after an extensive washing procedure.

594 Confocal fluorescence images of HCT-116 spheroids incubated with AGulX®-Cy5.5 nanoparticles for 72 h with 2 mM AGuIX®
595 solution, and washed according to the procedure mentioned in Figure 4, then fixed and immunostained with antibodies to find
596 colocalization of nanoparticles in spheroids. For all images, red and blue channels are staining AGulX®-Cy5.5 and nuclei
597 respectively. (A1-A3) Representative images of lysosomes immunostaining obtained at various depth (A1-0 um, A2-25 um,
598 A3-50 um. Green channel = lysosome [LAMPI1 antibody], yellow colour = possible co-localization of AGulX®-Cy5.5
599 nanoparticles with lysosomes) (B) Pearson’s correlation coefficient for AGulX®-Cy5.5 nanoparticles with lysosomes along with
600 standard error of the mean (light colour) as a function of depth (n = 27 spheroids, 3 independent experiments before washing,
601 n = 5 spheroids after washing). (C) Zoomed-in portion of merged image at a depth of 50 um (square in A3). (D1-D3)
602 Representative images of mitochondria immunostaining obtained at various depth (D1-0 um, D2-25 um, D3-50 um. green
603 channel = mitochondria [AIF antibody], yellow colour = possible co-localization of AGuIX®-Cy5 nanoparticles with
604 mitochondria). (E) Pearson’s correlation coefficient for AGulX®-Cy5.5 nanoparticles and mitochondria along with standard
605 error of the mean (light colour) as a function of depth. (n=22 spheroids, 3 independent experiments before washing, n=5
606 spheroids after washing). (F) Zoomed-in portion of merged image at a depth of 50 um (square in D3).
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607 Conclusion and outlooks

608  We show in this study a simple agarose-based microsystem to quantitatively track nanoparticles
609 penetration and subcellular localisation within 3D-cell culture model. The reproducibility of the
610  spheroid size obtained with such procedure dispenses the use of sophisticated automatic procedure
611 to choose and pick the appropriate spheroids. Of note, our microsystems can be manufactured on
612 conventional multi-well plates. It is hence fully compatible with available multi-well automated
613 strategies®. In the present study, the proof-of-concept was validated using spheroids made with the
614  classical colorectal cell line HCT-116. Nevertheless, our approach is fully compatible with primary cells

615 from patients that could be grown as organoids

in our microsystems, combining full optical
616 microscopy compatibility, size and shape reproducibility, and large statistics. Combined with optical
617  and digital clearing %, our approach opens up the possibility to resolve tumour heterogeneity, at the
618 single cell-level, in a physiological context.

619 In the present study, the standard agarose used for the preparation of the microsystems provides a
620 cell-repellent surface, with a stiffness in the 150 kPa range . In future studies, the mechanical
621 properties of the agarose gels will be adjusted using different concentrations and type of agarose.
622 Elastic hydrogels as soft as 1 kPa can be obtained using low concentration of ultra-low agarose ,
623 matching the physiological range of stiffness. It now calls for dedicated studies to assess how
624 nanoparticles penetration and therapeutic efficacy is affected by the size of the 3D-cell assembly, the
625 presence of an extracellular matrix of different stiffness and composition, and the presence of

626  associated tumour cells ¢,
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633 Supplementary Figures

634  Figure SI 1: Quantification of photon penetration within spheroids

635 In optical imaging of thick three-dimensional biological samples, light scattering due to mismatch of
636  refractive index between cellular components limits imaging of deep layers in these samples . To deal
637  with this issue and to evaluate clarification techniques on enhancement of confocal microscopy of
638 multicellular tumour spheroids, HCT-116 spheroids were prepared via agarose microwells and fixed 72
639 h after cell seeding. Nuclei were then stained using Nucgreen™ -Dead 488. Two of the samples were
640  incubated in RapiClear or 80%/20% glycerol/PBS solution overnight and the third sample was kept in
641 PBS. All samples were then mounted in iSpacers (2x0.5 mm) with fresh clarification solutions or fresh
642 PBS for control sample. Ten spheroids from each sample were imaged. A qualitative analysis of the
643 images (Fig. SI 1A) shows that nuclei fluorescence signal is detected much deeper for clarified
644  spheroids compared to unclarified ones. The orthogonal views of spheroids confirm this (Fig. SI 1B).
645  These images were analysed using a routine prepared in Matlab to measure the average fluorescence
646  intensity along the spheroids radius (Fig. SI 1C). The mean Intensity of spheroids clarified with glycerol
647 (Green curve) shows the highest mean intensity for all regions in spheroids compared to the two other
648  samples. While the mean intensity of RapiClear-clarified spheroids (Red curve) is lower than glycerol-
649  clarified spheroids in all regions of the spheroids, the intensity decay is similar for both clarified
650  solutions. The 80% glycerol solution was hence selected as the standard clarification technique for all
651 this study.

652
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654  Figure Sl 1. Influence of clarification technique on image acquisition and fluorescence signals

655 (A) Confocal fluorescence images of HCT-116 cell spheroids labelled with Nucgreen in different depth for unclarified, clarified
656 with Rapiclear and clarified with 80%/20% glycerol/PBS respectively. (B) Maximal Image Projection (MIP) and xz images of
657 clarified and unclarified spheroids. (C) Mean intensity of clarified (green, glycerol-clarification, red, rapiclear-clarification) and
658 unclarified (orange curve) spheroids as a function of the distance from the periphery. Error bars represent standard errors of
659 the Mean (N=10 spheroids for each condition).

660
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661  Figure SI 2: Detailed mounting procedure for imaging

662  There are different possibilities to mount the microwells for optical imaging, depending if one wants
663  to acquire fixed, live spheroids, or to follow spheroids over time using time-lapse.

664 1-For fixed spheroids, the easiest and quickest way is to mount the microwells between 2 coverslips,
665 separated by a 1 mm sticky spacer (two 0.5 mm-thick iSpacer provided by Sunlin Lab were used for
666 their convenience, but other spacers could also be used, Fig. SI2 B).

667  2-For live spheroids, it is possible to transfer the microwells in optical imaging chamber (such as lbidi®
668  8-well plate, Fig. SI2 C).). We used such possibility in preliminary experiments to check that distribution
669  of nanoparticles were not modified by fixation procedure (data not shown), as well as for the
670  assessment of nanoparticles transport and localization after extensive washing procedure (Fig. 4).
671  3-For time-lapse follow-up, to avoid any drift during acquisition, it is necessary to directly bond the
672 microwells to the coverslips. This is possible using APTS-functionalized coverslips (representation in
673 Fig. 1D, patented process®®). We used such procedure for growth monitoring using time lapse
674  microscopy (Fig. SI 4).

A |[0OOOQ0O0 B
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675 B

676  Figure Sl 2. Schematic representation of the mounting procedures used for optical imaging

677 (A) Schematic representation of free-standing microwells, placed on each well of a multi-well plate. (B) Schematic
678 representation of the mounting used for optical imaging of fixed samples. The agarose microsystems containing the fixed,
679 immunostained and clarified spheroids are mounted between 2 coverslips using a 1 mm sticky spacer (orange-part, Ispacer

680 from SunjinLab). (C) For live imaging of spheroids, it is also possible to transfer the microwells in optical imaging chamber
681 (such as Ibidi® 8-well plates).

682
683
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684  Figure SI 3: Quantification of the removal of FITC and AGulX®-Cy5.5 nanoparticles in agarose-
685  based microwells

686  To understand the ability of agarose gel in transporting molecules, the agarose-based microsystems
687 were incubated with either FITC solution (0.05 mM in PBS), either AGulX’-Cy5.5 nanoparticles (2 mM
688 in complete culture medium). The fluorescent solution was then replaced with PBS (for FITC) or culture
689 medium (for AGulX’-Cy5.5) and the decrease in fluorescence intensity was followed by time-lapse
690  confocal microscopy. The images of different depths of agarose-based microwells were analysed using
691  a Matlab routine quantifying the mean intensity changes over time (Fig. SI 3). For FITC (Fig.SI3 A), after
692  thefirsttwo hours, there is a 75£5% reduction in the initial mean intensity in the microsystem, reaching
693  a plateau at 255 % depending on the depth of the focal plane. All curves were exponentially
694  decreasing with a characteristic time of 25 min (23-27 min depending on the depth of the focal plane).
695  As expected, as AGuiX’-Cy5.5 nanoparticles (D=5 nm) are much larger than FITC (Mw=376 g/mol,
696 Dx~0,25 nm), the diffusion is one order of magnitude slower than with FITC, but still efficient in the
697 agarose, both when culture medium is replaced by AGulX’-Cy5.5 (Fig.SI3 B), or when AGulX’-Cy5.5 is
698 replaced by culture medium (Fig.SI13 C). When culture medium is replaced by AGulX’-Cy5.5, the
699  characteristic time obtained for the deepest part of the gel is of the order of 22-24 min (23,9 0.4 min
700  for Z=0, 23,6 +0.6 min for Z=80 um and 22,4 +1,7 min for Z=160 pum), while it already reached the
701 maximum intensity upon imaging for the upper part (z=240 um). When AGuIX’-Cy5.5 is replaced by
702  culture medium (after 3x15 min washing, following the procedure done for all experiments), the
703  fluorescent is decreasing with a characteristic time of the order of 1-2h, depending of the depth (69
704 +5 min for Z=0, 82+6 min for Z=80 um, 104 +5 min for Z=160 um and 129 +5 min for Z=240 um).

705
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708 Figure SI 3.

709 (A) Reduction in fluorescence intensity of FITC dye in an agarose microsystem over time for different depth (from Z=0,
710 corresponding to the depth closest to the objective and farthest from the solution reservoir to Z=240 um, farthest from the
711 objective and closest to solution reservoir). Experimental points are plotted with different markers (Z=0, (pink triangles
712 pointing down), Z=80 um (blue diamonds), Z=160 um (purple circles), Z=240 um (green triangles pointing left)) and the
713 corresponding exponential fit are plotted in bold lines [fitting model a*exp(-time/T)+b].

714 (B) Increase in fluorescence intensity of AGulX®-Cy5.5 nanoparticles in an agarose microsystem over time for different depth
715 (same legend than in (A)). [fitting model a*(1-exp(-time/T))+c].

716 (C) Reduction in fluorescence intensity of AGulX®-Cy5.5 nanoparticles in an agarose microsystem over time for different depth
717 (same legend than in (A). [fitting model a*exp(-time/T)+b].

718
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719  Figure SI 4. Time-lapse follow-up of spheroid growth

720  To understand the influence of AGulX’-Cy5.5. nanoparticles on the cell proliferation and growth rate
721  of HCT-116 cell spheroids, cells were seeded in agarose-based microwells using APTS-functionnalised
722 coverslips. This procedure enables live imaging with no drift of the microwells over-time. After 48 h,
723  the HCT-116 spheroids were exposed to AGulX’-Cy5.5 nanoparticles with three different
724  concentrations (0.8, 1.5 and 2 mM). Control samples with no AGulX’-Cy5.5 nanoparticles were also
725 monitored in parallel. The growth of spheroids was followed by time-lapse optical microscopy during
726  three days of incubation with AGuIX'-Cy5.5 nanoparticles (time interval between each image
727  acquisition =4 h). These images were manually segmented using a dedicated routine in Matlab. Then,
728  from the projected area, an equivalent diameter was computed, and making the assumption of
729  spherical shape, the equivalent volume of each spheroids was calculated. Spheroids growth is followed
730 by representing the relative evolution of the volume over time (Volume normalised by the initial
731  volume [at day 2]).
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733 Figure Sl 4. Follow-up of spheroids growth via optical time-lapse microscopy.

734 (A) Representative images of daily growth of control HCT-116 spheroids from day 2 to day 5. The well is 200 um in diameter.
735 (B) Evolution of the relative volume of spheroids as a function of time for control sample and in the presence of three different
736 concentrations of AGulX®-Cy5.5 nanoparticles. Bold lines represent the mean values, and light area represents the standard
737 deviation for each condition (control —blue- [N=102 spheroids], 0.8mM —green-[N=89 spheroids], 1.5mM —yellow-[N=88
738 spheroids], 2mM —red-[N=102 spheroids]). Three independent experiments for each condition.
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Figure SI 5. Characterization of spheroids size distribution from Day 2 to Day 4 after cell
seeding

One advantage of using agarose-based microwells to prepare multicellular tumour spheroids is the
homogeneity of spheroids size. To show the homogeneity of spheroids, the equivalent diameter for
each spheroid was calculated during the growth follow-up (Fig. SI 4). From this, the distribution of
spheroids diameter in day 2, day 3 and day 4 for control conditions were plotted using the
UnivarScatter matlab function developed by Manuel Lera Ramirez (Copyright (c) 2015).
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Figure SI 5.
Distribution of HCT-116 multicellular tumour spheroids at day two (blue circles), day three (purple circle) and day four (orange
circles) after cell seeding in the agarose-based microwells. Mean values and 95 % Standard Error of the Mean are represented.
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751  Figure SI 6. Importance of statistics

752 Due to cell heterogeneity, large statistical variances are expected, even if our process enables to
753  generate very reproducible spheroids in terms of size. The variance on the Mean Intensity of the
754  fluorescence signal of AGulX’-Cy5.5 nanoparticles is analysed in Fig.Sl 6, for different distance from
755  the periphery.

756  The standard deviation of the normalized Intensity of AGulX"-Cy5.5 obtained, is calculated as a function
757 of the number (N) of spheroids, with a random sampling of N spheroids over the 121 spheroids
758  acquired for this experimental condition (24h incubation with 2mM AGuIX"-Cy5.5). The random
759  sampling is repeated 10 times to simulate 10 different experiments, and the mean of the obtained SD
760 computed. The obtained SD first increases, until reaching a plateau around N=20-40 spheroids (Fig.
761  SI6, Inset). The initial rising may be attributed to the heterogeneity among spheroids.

762  The plateau of the SD is increasing with the distance from the periphery (with a plateau at ~5% for 30
763 and 50 um from the periphery, and up to ~10% for 80 um from the periphery).

764  Once the plateau is reached, the standard error of the mean (SEM) and the relative standard errors
765 (RSE=SEM/mean) on the normalized Intensity are therefore decreasing with N as N ~*/? (Fig. SI 6). To
766  get a RSE below 2%, N=20-25 spheroids are necessary for an analysis up to 60 um from the periphery.
767 For deep layers, a larger number of spheroids are needed to reach such RSE (N=70 spheroids for 80
768 pum from the periphery). Hence a minimum of N=30 spheroids is recommended to get reliable results
769 at an imaging depth corresponding to the first quarter of the spheroids. This number rises up to N=70
770  spheroids for an accurate analysis close to the equatorial plane.
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772 Figure SI 6. Error analysis due to the number of spheroids analysed.

773 Relative Standard Error (RSE=SEM/mean) as a function of the number of spheroids for different distance from the periphery
774 (30 um (cyan, triangles pointing down), 50 um (light blue, circles), 60 um (intense blue, diamonds) and 80 um (purple, triangles
775 pointing left). Inset: Standard Deviation (SD) of the normalised Intensity |_norm as a function of the number of spheroids, for
776 the same distance from the periphery.

777
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778  Figure SI 7. Control experiments using Ultra-Low Adhesion multi-well plate

779  The goal of this experiment was to compare the distribution of AGulX®-Cy5.5 nanoparticles in HCT-116
780  spheroids prepared in a traditional ultra-low adhesion 96-well plate with spheroids made in agarose
781 microwells. HCT-116 cells were seeded at a density of 10 cells/well in a 96-well plate (200 pl culture
782 medium per well), and spheroids were formed through self-assembly aggregation. During culture, the
783 plate was on the agitator. Spheroids were exposed to 2 mM AGulX®-Cy5.5 nanoparticles at day 3. To
784 avoid losing spheroids, half of the medium was withdrawn and 100 pl of AGulX®-Cy5.5 nanoparticles
785 at a concentration of 4mM were added in each well to have a final concentration of 2mM. After 24 h,
786 spheroids were rinsed with fresh medium (3X, 15 min), fixed with PFA 4%, permeabilized with
787 PBS/0.1% Triton-X, and blocked with PBS/2% BSA/0.1% Triton-X. The spheroids were then labelled with
788 nucgreen™ at a dilution of 1 drop/ 2 ml for overnight at room temperature before being rinsed with
789  PBS (3X, 5 min).

790  Spheroids could not be imaged in a standard 96-well plate using confocal microscopy; thus they were
791  transferred to an ibidi 96-well plate and imaged.

792  The same Matlab routine that was used to analyse images of spheroids in microwells was used to
793  analyse these images. Despite the fact that the number of imaged spheroids in this experiment is
794  considerably lower than spheroids in microwells which is due to the limitations of different steps of
795  experiments using a standard 96-well plate, the analysed results show that the distribution
796 and amount of uptaken nanoparticles are similar to spheroids in microwells. This finding supports the
797 permeability of agarose gels for AGulX®-Cy5.5 nanoparticles and validates the usage of such
798 microsystems for spheroids generation and high-throughput drug screening in a more practicable and
799 reproducible manner.
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Figure Sl 7. Control experiments using Ultra-Low Adhesion (ULA)multi-well plate

(A) Representative confocal fluorescence images of HCT-116 spheroids grown in Ultra-Low-Adhesion multi-well plates for 4
days, then incubated with 2 mM concentration of AGulX®-Cy5.5 for 24 h for three different depths (10, 30 and 50 pum). (B)
Mean intensity of AGulX®-Cy 5.5 after 24h incubation with 2 mM AGuIX®-Cy5.5 as a function of the distance from the
periphery in our microsystems (red, N=121, three independent experiment), and in ULA multi-well plates (green, N=10, one

experiment). Standard deviations are shown in light colors. (C) Orthogonal view of the spheroid in (A) (green=nuclei, red =
AGuIX®-Cy5.5).
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809  Figure SI 8. HCT-116 cell incubated in 2D with nanoparticles and spheroid formation
810 afterwards

811  To make a comparison between cellular uptake of AGulX’-Cy5.5 nanoparticles in monolayer cells and
812 multicellular tumour spheroids, two parallel experiments have been done.

813 In the first experiment, HCT-116 cells were seeded in agarose-based microwells (Fig. SI 8A A, Step 1)
814 and after 48 h were exposed to AGulX'-Cy5.5 nanoparticles for 24h (Fig. SI 8A, Step Il) followed by
815  fixation (Fig. SI 8A, Step Ill).

816  In the other experiment HCT-116 monolayer cells that were first exposed to AGulX'-Cy5.5
817 nanoparticles for 24 h (Fig. Sl 8B, Step 1), and then seeded in agarose-based microwells to allow
818  spheroid formation (Fig. SI 8B, Step Il). After 72h, these spheroids were fixed (Fig. SI 8B, Step Ill).

819  Spheroids from both experiments were clarified with glycerol 80% (Fig. SI 8, Step lll) and imaged via
820 confocal microscopy. The confocal images of these two experiments and orthogonal view of spheroids
821  demonstrate that when spheroids are incubated with nanoparticles, clusters could be observed evenly
822 in extracellular and intracellular regions of spheroids and nanoparticles clusters are more in peripheral
823 region than in the centre (Fig. SI 8A). When spheroids are made from already AGulX’-Cy5.5 labelled
824  cells, only sparse clusters, with a scattered distribution are observed in spheroids (Fig. SI 8B).

(A) (B)
HCTI16 cells Q HCTI116 cells
) ‘ n -
.
700 pm- Incubation with AGulX*Cy5.5 It

l 24h

HCTII6 cells+AGuIX®-Cy5.5
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48h
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i 24h
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825 Fixation & Clarification Fixation & Clarification
826  Figure SI. 8. Difference in distribution of AGulX®-Cy 5.5 nanoparticles in HCT116 multicellular tumour
827  spheroids incubated in 2D and 3D cell culture.
828 (A) Spheroids were prepared with agarose-based microwells (Step 1). After 48 h, they were exposed to 2mM AGulX®-Cy5.5
829 nanoparticles for 24h (step Il) and were fixed, clarified (Step Ill) and imaged with confocal microscopy. (B) Monolayer HCT116
830 cells were first incubated with 2mM AGulX® nanoparticles for 24h (Step 1) and then HCT116 spheroids were prepared with

831 these cells (step Il). Spheroids were fixed, clarified (Step Ill) and imaged with confocal microscopy.
832
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833  Figure SI 9. Nanoscale Secondary Ion Mass Spectrometry control analysis
834

835
836

837

838 Figure SI. 9.

839 (A) NanoSIMS image of 12C- of the same area as in Figure 5 provides the proof of the entirety of the section. The slight contrast
840 is due to the compositional variation of different cells compartments and the surrounding resin (the actual contrast is much
841 lower). A few spots with unusually high 12C- emission are probably location of vacuoles. (B) Recalled of the distribution of
842 AGulX®-Cy5.5 nanoparticles. (C) Merged image of 28Si- and 12C-. Image field: 60 um.

843

Goodarzi et al. 2021, page 34/38


https://doi.org/10.1101/2021.01.17.427020
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.17.427020; this version posted May 31, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

844  Figure SI 10. Localization of AGulX-Cy5.5-nanoparticles after an extensive washing procedure
AGuIX®
Nucgreen
Phalleidin Depth: 0 pm

845

846 Figure SI. 10. Localization of Aguix-Cy5.5-nanoparticles after an extensive washing procedure within
847 HCT-116 spheroids

848 Confocal fluorescence images of HCT-116 spheroids incubated with AGulX®-Cy5.5 nanoparticles for 72 h with 2 mM AGulX®-
849 Cy5.5 solution, and washed according to the procedure mentioned in Figure 4, then fixed and immunostained with antibodies
850 to find colocalization of nanoparticles in spheroids. For all images, red, blue and green channels are staining AGulX®-Cy5.5,
851 nuclei and phalloidin (Actins) respectively.

852 (A1-A3) Representative images of phalloidin immunostaining merged with AGulX®-Cy5.5 and Nucgreen layers obtained at
853 various depths (A1-Oum, A2-25 um, A3-50um). (B) Maximal Image Projection (MIP) of confocal fluorescence image of
854 spheroid in (A1-A3). (C) Zoomed-in portion of merged image at a depth of 50 um (square in A3).
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