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A B S T R A C T

Three-dimensional (3D) cancer models, such as multicellular tumor spheroids (MCTS), are biological supports
used for research in oncology, drug development and nanotoxicity assays. However, due to various analytical and
biological challenges, the main recurring problem faced when developing this type of 3D model is the lack of
reproducibility. When using a 3D support to assess the effect of biologics, small molecules or nanoparticles, it is
essential that the support remains constant over time and multiples productions. This constancy ensures that any
effect observed following molecule exposure can be attributed to the molecule itself and not to the heterogeneous
properties of the 3D support. In this study, we address these analytical challenges by evaluating for the first time
the 3D culture of a sub-population of cancer stem cells (CSCs) from a glioblastoma cancer cell line (U87-MG),
produced by a SdFFF (sedimentation field-flow fractionation) cell sorting, in a supramolecular hydrogel
composed of single, well-defined molecule (bis-amide bola amphiphile 0.25% w/v) with a stiffness of 0.4 kPa.
CSCs were chosen for their ability of self-renewal and multipotency that allow them to generate fully-grown
tumors from a small number of cells.
The results demonstrate that CSCs cultured in the hydrogel formed spheroids with a mean diameter of 336.67

± 38.70 µm by Day 35, indicating reproducible growth kinetics. This uniformity is in contrast with spheroids
derived from unsorted cells, which displayed a more heterogeneous growth pattern, with a mean diameter of
203.20 ± 102.93 µm by Day 35. Statistical analysis using an unpaired t-test with unequal variances confirmed
that this difference in spheroid size is significant, with a p-value of 0.0417 (p < 0.05).
These findings demonstrate that CSC-derived spheroids, when cultured in a well-defined hydrogel, exhibit

highly reproducible growth patterns compared to spheroids derived from unsorted cells, making them a more
reliable 3D model for biological research and drug testing applications.

1. Introduction

Cell culture is a fundamental method used in a wide variety of ap-
plications, notably in biological and medical research. For example, cell
culture is proving very useful in drug therapy trials and drug design in
personalized medicine including the study of the impact of therapeutic
nanoparticles as drug vectors, in regenerative medicine, for stem cells
studies and in oncology research to understand cancer progression

[1-5]. The last decade has seen a shift from applying conventional
two-dimensional (2D) cell culture to the use of three-dimensional (3D)
cell culture. 3D cell culture enables the recapitulation of realistic cellular
morphology, cell-to-cell and cell-to-matrix interactions in vivo [6,7]. In
cancer research, for example, 3D models consisting of cancer cells pre-
sent in a 3D scaffold enable the physico-chemical properties of the
physiological extracellular matrix (ECM) to be mimicked [5]. As a result,
cancer cells behave in the same way as in vivo, i.e. they develop into
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multicellular tumor spheroids (MCTS) representative of solid tumors [8,
9]. Thus, applications of 3D models are on the increase and are
becoming an alternative to the use of animal models, which present
numerous challenges such as ethical, financial and scientific contro-
versies [5].

Several culture methods have been developed to produce 3D tumor
spheroid models such as suspended droplets [10,11], rotating flask or
rotating cell containers [12,13] and so on. Nevertheless, these methods
have very low spheroid generation yields and high variability in
spheroids size and morphology. Consequently, they have been replaced
by more efficient approaches such as ultra-low attachment plates,
microfluidic systems, microarrays, etc. [14-16]. Although these methods
enable the generation of spheroids of uniform size, they still present
technical challenges in terms of handling, maintenance, uniformity and
automation; consequently, post-culture assays cannot be easily per-
formed. It should also be noted that all these studies focus on 3D culture
methods to achieve reproducibility of size and morphology, and not on
the nature of the cell model itself. Implementing a homogeneous cell
population with specific tumor-initiating properties could help over-
come these obstacles. In fact, cancer stem cells (CSCs) are a very rare
subpopulation found in cancer cell lines in low proportions (1–5%) [17].
CSCs possess two essential characteristics: their high capacity for
self-renewal, also defined by a low proliferation rate, and their multi-
potency, which gives rise to a phenotypically heterogeneous subset of
cells [18-20]. They play a key role in tumorigenesis processes [21] due
to their ability to initiate and sustain tumor development [22] and
because they are the main cause of drug resistance [23]. Consequently,
CSCs are known as tumor initiating cells [24]. They are therefore good
candidates for cell culture aimed at developing reproducible spheroids
particularly with regard to growth kinetics and size [21]. In that way, we
purpose to routinely prepare the CSCs subpopulation by using sedi-
mentation field-flow fractionation (SdFFF). Among the FFF family,
SdFFF have been historically used for eukaryotic cell sorting [25]. The
separation takes place in an empty ribbon-like separation channel (no
stationary phase), where cell species are submitted to two types of forces
(1) hydrodynamic lift forces generated by flowing a carrier liquide
through the channel and (2) a multigravitational external field applied
perpendicularly to the flow direction. The main advantage in cell sorting
is the limitation of cell/cell interactions, or cell/surface interaction by
using the empty separation channel and by enhancing a pure hyperlayer
elution mode [25-27]. In that case, cells reach their equilibrium position
where the multigravitational external field is counterbalanced by hy-
drodynamic lift forces [28], leading to cell elution above the accumu-
lation wall, and to reduce harmful interactions. This equilibrium
position only depends on the intrinsic biophysical properties of cells
such as diameter, density, and in a less extend, shape and rigidity [28].
Then, according to the hyperlayer elution mode, large cells elute first,
denser cells last. Because these biophysical properties are intrinsically
linked to biological ones, this makes SdFFF a gentle, fast, effective and
label free cell sorting method [26,29-32], particularly well-suited to CSC
subpopulation sorting from glioblastoma cell lines [27,33,34].

Cell culture in a 3D scaffold made from biomaterials such as hydrogels
has also attracted a great deal of interest due to the physicochemical
properties of hydrogel. Unfortunately, it has become clear that the use of
uncontrollable natural biomaterials such as Matrigel will not provide a
reproducible model due to the intrinsic variability of biomaterial such as
batch-to-batch and within batch chemical irregularities [35]. In addition,
it is important that the 3D scaffold meets key characteristics such as the
retention of an ECM-like fibrillar structure and ease of handling for testing
in subsequent experiments. Low Molecular Weight Gelators (LMWGs)
consist of small molecules that undergo supramolecular self-assembly to
form a hydrogel based on weak interactions, an important feature for
reversibility and tunable physical characteristics [5,36]. Among LMWGs,
Glycosyl-nucleo-bola-amphiphile (GNB) which possesses two amide
groups (called later BA from Bis-Amide) [37,38] has been used previously
and proved effective for 3D culture [39]. From a practical standpoint, the

gelation kinetics allow easy manipulation of the gel during a 3D culture
experiment. In addition, the porous structure of this hydrogel enables
molecular mobility of particles such as nutrients and proteins that are
mandatory for 3D culture process and analysis [39]. This biomimetic
architecture features controlled chemical composition and viscoelastic
properties compared to theMatrigel approach. LMWGs are therefore good
candidates for cell culture aimed at developing spheroids with the desired
reproducible characteristics.

Accordingly, in this study, we sought to achieve, for the first time, a
3D culture of CSCs derived from a cancer cell line in a supramolecular
hydrogel. With this cell-hydrogel combination, we hoped to perform 3D
models in which spheroids of uniform-size would be obtained. Hetero-
geneous glioblastoma (GBM) cell line (U87-MG) was selected because of
its specific CSC content and our ability to sort them by using calibrated
SdFFF cell sorting [27,34]. SdFFF elution provides two different pop-
ulations, a sub-population of differentiated cells and another of CSCs
that were implemented in LMWG GNB hydrogel, compared with un-
sorted cells.

2. Material and methods

A Schematic representation of the 3D culture process is presented in
Fig. 1.

2.1. Cell culture

The human glioblastoma cell line U87-MG was purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and
grown in Gibco Dulbecco’s Modified Eagle Medium cell medium
(DMEM), 10% fetal bovine serum (FBS), 1% non-essential amino acids
and 1% penicillin/streptomycin. Cells were cultured at 37 ◦C in a 5%
CO2 incubator with 20% O2. After culture time, cells are dissociated
using Versene solution (Thermofisher scientific, France) and centrifuged
at 300 g for 5 min. Cells are then resuspended with DMEM and counted
using trypan blue (Sigma) exclusion and Malassez cell counting
chamber.

2.2. SdFFF device and cell elution conditions

The SdFFF separation device used in this study was previously
described. [27,34]. The apparatus consisted of two 880 × 47 × 2 mm3
polystyrene plates separated by a Mylar® spacer into which a channel
was carved. The channel had dimensions of 788 × 12 × 0.175 mm3,
with two 50 mm V-shaped ends. The measured total void volume
(channel volume+ connecting tubing+ injection/detection device) was
1906 ± 10.00 µL (n = 6). Void volume was calculated after determi-
nation of elution time of a non-retained compound (0.10 g/L benzoic
acid, UV detection at 254 nm). The channel rotor axis distance was r =
14.80 cm. Sedimentation fields were expressed in units of gravity, 1 g =
980 cm/s2. A T90S2 asynchronous motor (Brown Group, Limas, France)
was connected to a COMBIVERT F4 pilot unit (Keb, La Queue en Brie,
France) [40]. An LC-20AD UPLC pump (Shimadzu, Champ/Marne,
France) was used to pump the sterile mobile phase. Sample injections
were performed using a Rheodyne ® 7125i chromatographic injector
(Rheodyne, Cotati, CA, USA). The elution signal was recorded at 254 nm
on a SPD-20AV UV/VIS Detector (Shimadzu) with a NI9211 (10 mV
input) acquisition device (National Instruments France, Nanterre,
France) operated at 3 Hz and connected to a personal computer
controlled by Visual Basic software developed in-house (VB pro, Ver 6.0,
Microsoft Corp.).

Optimal elution conditions were as follows: flow administration
through the accumulation wall of a 100 μL U87-MG cell suspension
(2.106 cells/mL). Flow rate: 1.0 mL/min. Carrier liquid: sterile Dielec-
trophoresis (DEP) buffer (osmotic sucrose-based survival buffer [34]),
pH 7.4 and conductivity 24mS/m. External multigravitational field
strength: 15 g for U87-MG. Time dependent fraction collection (Fig. 2):
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Differentiated cells Fraction 1 (F1): 2 min 35 s to 4 min 20 s; CSCs
Fraction 2 (F2): 6 min 2 s to 8 min 5 s. And total peak (TP, as a control)
which constitutes the collection of the entire eluted population (except
the void volume): 2 min 35 s to 8 min 5 s. The crude population con-
stitutes the remaining unsorted cells suspension of the experiment. In
order to obtain enough cells for further analysis and subculture,
consecutive (10 - 12 injections) SdFFF fraction collections were per-
formed and the variation of the retention ratio (Robs = t0/tR [7,41])
provides RSD < 5%.

2.3. 3D cell culture

The hydrogel is formed by adding an adequate volume of cell culture
medium (DMEM+FBS) on a specific mass of powder of Glycosyl-nucleo-
bola-amphiphile (GNB) with two amide groups (GNB-BA for Bis-Amide)
in order to get the concentration desired. The structure of GNB-BA is
given in Figure S.1. For a concentration of 0.25% w/v, 1000 µL of cell
medium are added on 2.5 mg of gelator powder. The mixture is then

sonicated for 15 s and placed in a water bath at 80 ◦C for 10 min to
ensure complete solubilization. Then, the mixture is cooled down at
room temperature before a cell suspension of 1000 cells per 100 μL is
prepared and mixed with the BA in their sol phase. Previous data have
shown that BA 0.25% w/v remains in sol phase for 7 min after solubi-
lization at room temperature before undergoing gelation [39]. The
suspension is homogenized within the final mixture and distributed in a
96 wells plate (100 μL per well). Once the gelation process is over, 200
μL of cell culture medium is added to each well and the plate is incu-
bated for a month and cell medium is changed every 48 h. Cell culture is
examined for 35 days because a growth threshold is observed at this
time.

For the 3D culture of F2 sub-population, three different repetitions of
experiment at different days are conducted: each experiment consists of
a cell sorting by SdFFF and a preparation of BA 0.25%w/v hydrogel, and
the cells are then implemented in three wells of a 96 wells plate.

2.4. Cellular characterization

Reverse Transcription quantitative Polymerase Chain Reaction
(RTqPCR): RNA isolation from cells was performed with RNeasy Mini
Kit (# 74,106; QIAGEN, Germany). After quantification, 2 μg of total
RNA was reverse transcribed with a high-capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems). qPCRs on 100 ng of cDNA were
performed with Premix Ex Taq™ (#RR39WR, TaKaRa®) on Quant-
Studio 3 real-time thermal cycler (Applied Biosystems) with TaqMan™
probes for each reaction. Probes used for quantitative RT-qPCR are listed
in Table SI-1. Reactions were performed in triplicate from each biolog-
ical replicate. Relative gene expression was quantified using
Glyceraldehyde-3-phosphate dehydrogenase (GADPH) as house-keeping
gene. The ΔΔCt quantitative method was used to normalize expression
of the reference gene and to calculate the relative expression levels of
target genes. Probes used for quantitative RT-qPCRwere purchased from
Thermofisher France: GAPDH (Hs02758991_g1), NANOG
(Hs02387400_g1), POU5F1 (Oct4; Hs00999634_gH) and SOX2
(Hs01053049_s1).

Live/dead assay: Cell viability assessed by a fluorescent viability/
cytotoxicity assay (Thermofisher scientific, France). Live cells fluoresce
green due to the uptake and fluorescence of calcein-AM in response to

Fig. 1. Schematic representation of the 3D culture process from the production of the hydrogel to the formation of tumor spheroids, with the steps of gel preparation,
cell sorting and final implementation of the cells into the hydrogel.

Fig. 2. Representative SdFFF fractogram of U87-MG cell line. Elution condi-
tions: flow rate of sterile PBS (ph 7.4) 1.0 mL/min; external gravitational field
15 g; Y-axis is absorbance unit full scale (AUFS) of a spectrophotometric
detection at 254 nm. Injection of 100 µL of cell suspension (2 × 106 cell/mL).
Time dependent fraction collection: differentiated cells = Fraction 1 (F1); CSCs
= Fraction 2 (F2); Total peak (TP) = control.
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intracellular esterase activity; dead cells fluoresce red as a result of the
entry of ethidium homodimer-1 through damaged cell membranes and
subsequent binding to nucleic acids. Cells were then imaged using LEICA
DMi8 microscope.

Growth kinetics: In order to evaluate tumor growth over time, growth
kinetics were studied by measuring tumor diameters at different time-
points using ImageJ software. Mean size and standard deviations are
presented for each timepoint of the culture (day 5, 15, 25 and 35) that
were measure on different culture assays to represent repeatability or
lack thereof.

MTT assay: MTT assay is used to evaluate cellular metabolic activity
at different timepoints of a 35 days culture. Preexistent culture medium,
that formed the supernatant above the gel, is discarded and replaced
with 100 µL of culture medium slowly without disturbing the gel. Then,
20 µL of MTT solution are added to each well and the plate wax incu-
bated for 4 h. Afterwards, 100 µL of mixture is extracted from each well
to a new 96 wells plate and absorbance was read at 492 nm using a plate
reader.

Immunofluorescence: Isolated spheroids are embedded in OCT, and
cryo-sectioned in 4 µm sections via an ultramicrotome. Sections are then
stained with an anti-ki67 marker (sigma) overnight and DAPI for 15 min
and observed using LEICA DMi8 microscope.

Confocal microscopy imaging: Isolated spheroids are acquired by
manual removal using scalpel alongside pipette tip cone. They are then
fixed using paraformaldehyde 4% and then washed with PBS on a glass
slide at room temperature. Calceine-AM was then added for 1 hour. To
avoid disturbing the architecture of the spheroid, there is no addition of
a small glass slide on top. Then the spheroid is imaged using Zeiss LSM
880.

2.5. Statistical analysis

Statistical analysis was performed on three independent experiments
of cell cultures, fractions and characterization using Prism GraphPad
software. Analysis of variance (ANOVA), Student’s t-test, and Man-
n− Whitney test were conducted to compare different conditions. P
values ≤ 0.05 were considered statistically significant.

3. Results and discussion

3.1. Cell sorting from a GBM cell line

As previously described, heterogeneous Glioblastoma cell line (U87-
MG) is routinely sorted by SdFFF [31,32]. The SdFFF hyperlayer cell
sorting [26,27,34] generate different populations (Fig. 2): Fraction 1
(F1) constituting the differentiated cells sub-population and Fraction 2
(F2) constituting the CSCs sub-population. Post SdFFF cell integrity was
monitored by collecting the total peak (TP) (Fig. 2). Comparison of the
TP population obtained by SdFFF sorting and unsorted cells referred to
as crude sample shows the same phenotypical and functional charac-
teristics, enabling this TP to be used as a control. In agreement with our
previous study, and to routinely validate the quality of this process, we
systematically analyze our cell subpopulations. Systematic character-
ization was performed on all the fractions, gene expression assessment at
transcriptomic level by RTqPCR was performed by measuring the
expression of intracellular and intranuclear transcription factors Oct4,
Sox2 and Nanog (Figure S.2), that are considered as key CSCs markers
[27,34,42-45]. This result shows a differential analysis of CSCs mRNA
expression levels, assessed in F1 and F2 sub-populations for the U87-MG
cell line. All three CSCs markers (Oct4, Sox2 and Nanog) are signifi-
cantly overexpressed in F2 compared to F1: 3.3 times more in F2 than in
F1 for Oct4, 3 times more in F2 than in F1 for Sox2 and 4.9 times more in
F2 than in F1 for Nanog. These results are consistent with previous
findings [34]. Furthermore, no significant differences were observed
between TP and crude sample. Therefore, after cell sorting by SdFFF, the
two sub-populations of interest: F1 a sub-population of differentiated

cells and F2 a sub-population of CSCs were implemented in the GNB-BA
0.25% w/v hydrogel (see chemical structure of the single molecule that
forms the hydrogel in Figure S.1) to study their behavior in 3D culture.

3.2. Three-dimensional culture of cells sorted by SDFFF

We previously examined the behavior of glioblastoma cancer cell
line, U87-MG, in 3D culture and observed a production of spheroids with
heterogeneous shapes and sizes [39]. Therefore here, we evaluated the
3D culture of the TP control population and the sub-populations ac-
quired after SdFFF cell sorting (F1 differentiated and F2
undifferentiated).

First, we examined as a control, the 3D culture of the TP population
(Fig. 2) which consists of the collection of all cells from injection in
SdFFF, making it a heterogeneous population with cells of all stages of
differentiation analogous to unsorted U87-MG (crude sample) that have
been tested previously [39]. Fig. 3A shows the 3D culture of the TP
population which was able to proliferate and maintained high viability
throughout the culture period. To complete the picture, Figure S.3 shows
five different 3D cultures of the TP population from three different cell
sorting experiments and three different hydrogel batches. We observed
highly stochastic cellular behavior with very different growth kinetics
resulting in spheroids between 50 and 300 µm in size after 35 days of
culture. Spheroids of 10 to 200 µm were observed when the unsorted
GBM cell line was cultured [39]. Similar behavior were observed be-
tween unsorted cells and the TP population but the results lacked uni-
formity in terms of size and morphology.

Secondly, the F1 fraction which consists of a sub-population enriched
in differentiated cells was examined in 3D culture. Due to the absence of
stemness properties (self-renewal and multipotency), differentiated cells
were not expected to generate tumor [27,34,46,47]. Fig. 3B shows the
3D culture of the undifferentiated F1 fraction sorted by SdFFF in
GNB-BA 0.25% w/v exhibiting only viable cells throughout the 35 days
of culture with no proliferation reported. Furthermore, Figure S.4 shows
F1 repeated cultures from three different cell sorting experiments and
three different hydrogel batches. We interestingly observed that when
F1 was implemented in hydrogel, the cells are unable to proliferate or
organize into tumor spheroids but remain viable until day 35.

Thirdly and in an original manner, we evaluated the behavior and
development of the F2 sub-population in GNB-BA 0.25% w/v. F2 is a
population of CSCs sorted by SdFFF, known for being tumor-initiating
cells [17,18,21,22,24]. We observed a high viability of the cells in the
gel throughout the culture time from day 5 until day 35 (Fig. 4A). The
3D culture of the F2 population from three different cell sorting exper-
iments and hydrogel batches is showed in Fig. 4B. This demonstrates the
reproducibility of spheroid production. Moreover, the spheroids gener-
ated with F2 are larger than those produced with TP and therefore more
representative of solid tumors in vivo.

In addition, image analysis of TP repeated cultures is illustrated in
Fig. 5A Top. Five curves are shown, each reflecting a culture of a TP
population in the GNB-BA 0.25% w/v from day 5 to day 35 with. This
result shows a highly variable evolution of the growth kinetics of het-
erogeneous TP cells over culture time. Furthermore, box plots show a
broad distribution of spheroid size for each time point with large stan-
dard deviation (Fig. 5A), demonstrating the lack of repeatability of the
experiment with a mean of 203 µm and a standard deviation of 103 µm
on day 35.

On the other hand, image analysis of F2 repeated cultures is shown in
Fig. 5B. Nine curves are shown, each reflecting a culture of an F2 pop-
ulation in the GNB-BA 0.25% w/v from day 5 to day 35. We observed a
repeated evolution of size between all the individual cultures, the su-
perposition of the nine curves proving the repeatability and reproduc-
ibility not only of the spheroids generated by the end of the culture, but
also of the evolution of size throughout the duration of the culture. In
particular, an interesting observation was made between day 25 and day
35, showing a significant increase in tumor size. This is indicative of
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Fig. 3. 3D culture of TP (A.) and F1 (B.) after SdFFF in GNB-BA 0.25% w/v over 35 days (D5 = day 5; D15 = day 15; D25 = day 25; D35 = day 35). Top panel
represents bright field (BF) imaging, middle and bottom panels represent imaging using the Live/Dead kit to assess live cells with calcein-AM dye (green) and dead
cells using ethidium homodimer-1 dye (red) (See Material and Methods section). Scale bar = 250 µm.
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healthy cell growth and active spheroid dynamics resulting in large and
viable MCTS for each culture, representative of tumors in vivo. In
addition, the box plots (Fig. 5B) show the spheroid size distribution for
each time point with a standard deviation smaller than of the TP,

proving the repeatability of the experiment as a consequence of the
homogeneity of the population. Thus, by implementing 1000 CSCs cells
per well in our 3D system, we were able to generate reproducible tumor
spheroids of uniform size with a mean of 350 µm and a standard

Fig. 4. 3D culture of SdFFF F2 cells in GNB-BA 0.25% w/v over 35 days (D5 = day 5; D15 = day 15; D25 = day 25; D35 = day 35). A (top panels) Example of 3D
culture of SdFFF F2 cells. Top panel represents bright field (BF) imaging, middle and bottom panels represent imaging using the Live/Dead kit to evaluate the live
cells with calcein-AM (see Materials and Methods section). B. (bottom panels) Chronology of 3 different 3D cultures of the F2 U87-MG sub-population (n = 1 to 3)
from day 5 to day 35 represented by fluorescent imaging using calcein-AM dye showing the production of uniformly sized spheroids from CSCs (3 replicates from
independent experiments). Scale bar = 250 µm.
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deviation of 30 µm (less than 10% RSD).
In summary, the calculated mean diameter of 336.67 ± 38.70 µm for

CSC-derived spheroids on Day 35 reflects a tight distribution around the
mean, indicating that the 3D culture of CSCs in the hydrogel produces
spheroids of reproducible size. In contrast, unsorted cells formed
spheroids with a mean diameter of 203.20 ± 102.93 µm, with a larger
standard deviation, suggesting greater variability in their growth.
Finally, the unpaired t-test (Welch’s test) yielded a p-value of 0.0417,
confirming that the difference in spheroid sizes between CSC-derived
spheroids and unsorted cell-derived spheroids is statistically signifi-
cant (p < 0.05).

Overall, comparative analysis of the 3D culture of TP, F1 and F2
proves that (1) reproducible tumor spheroids in terms of evolution and
uniformity are strongly depend of the homogeneity of the population
implemented; (2) taking into account the nature of the cell model rather
than 3D culture method could be a good trajectory for achieving
reproducibility and (3) CSCs which are known to be tumor-initiating
cells in vivo, are the only population capable of generating large,
viable spheroids of uniform size.

3.3. Spheroid validation by comparative analysis of the metabolic activity
of 3D cultures obtained from different subpopulations sorted by SDFFF

During tumor progression, cells adapt their metabolic activity to
cope with their proliferation rates. CSCs are known to have a distinct
metabolic phenotype dependent on high glycolytic activity as well as
high oxidative phosphorylation. Differentiated cells on the other hand
depend mainly on glycolysis [48]. This is correlated with the prolifer-
ation and growth behavior previously observed. To highlight the dif-
ference in metabolic activity between populations in 3D culture, we
performed an MTT assay (Fig. 6) showing the metabolic activity of cells
after SdFFF, which is approximatively proportional to cell proliferation.

We observed that the CSCs (F2) population showed an increase in
metabolic activity from day 5 to day 35 with minimal standard deviation
and recorded the highest metabolic at day 35 among the three pop-
ulations. We can conclude that this increase in metabolic activity is due
to the reproducible growth of spheroids. (Fig. 5B)

The TP population also showed an increase in metabolic activity but
with great variability between cultures as illustrated by the large stan-
dard deviation. Indeed, we observed that some TP cultures showed
active proliferation while others remained only viable. This can be
explained by the various cell types contained in the TP (differentiated
cells, CSCs precursors and CSCs), reflecting the heterogeneity of glio-
blastoma. While the differentiated cells (F1), showed relatively low and
constant metabolic activity throughout culture. This is due to the small,

Fig. 5. Evaluation growth kinetics of U87-MG TP (A left panel) and F2 (B right panel) population grown in GNB-BA 0.25% w/v assessed over a 35-day period by
ImageJ software analysis. Data represent the mean cell growth of each TP (A left panel) or F2 (B right panel) culture and their associated box plots showing spheroid
size distribution.

Fig. 6. Comparison of the metabolic activity of TP, F1 and F2 during 3D culture
in GNB-BA 0.25% w/v function of time (days) using the MTT assay. Optical
Density (OD) values measured at 492 nm.
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but viable, number of cells observed from day 5 to day 35.
These findings underline the importance of using SdFFF-sorted CSCs

in 3D culture, in order to obtain a reproducible result regarding
viability, proliferation, organization and metabolic activity. They also
highlight that in vitro 3D CSCs models are very important as they
generate a platform containing spheroids that are representative of solid
tumors in vivo. However, further characterization is needed to conclude
that the internal spheroid structure is also representative of GBM
tumors.

3.4. Characterization of spheroids specially produced by glioblatoma
CSCs

GBM spheroids grown cultures in a 3D system should present
different layers of cells, with an outer layer composed of proliferative
cells, an intermediate layer composed of quiescent cells and the inner
core where CSCs predominantly reside is hypoxic and necrotic [49-52]
To demonstrate the multicellular aspect of the spheroids obtained, we
performed an immunostaining on a spheroid section. We assessed that
Ki67 expression, a marker highly expressed in proliferative cells. In
Figure S.5, we can see that Ki67 expression forms an intensity gradient
with a peak at the membrane and lower intensity at the core. This result
shows that peripheral cells are highly proliferative while core cells are
less so.

Next, to assess the spatial organization of the spheroid, we performed
confocal microscopy on an isolated spheroid using Calcein-AM staining.
Image J software analysis of the image showed construction at different
z-axis levels, demonstrating the three-dimensional positioning of the
spheroid within the hydrogel (Figure S.6). This characterization of
spheroids shows that hydrogel enables 3D construction of the biological
system with a viable outer layer and a necrotic core.

4. Conclusion

The successful design of a 3D model such as MCTS relies on two key
compounds, a 3D scaffold and a cellular model, which must be perfectly
defined and mastered. In this study, a hydrogel, obtained by the su-
pramolecular self-assembly of singles molecules (low molecular weight
gelators), was used as a controlled 3D scaffold. The viscoelasticity of the
3D scaffold is controlled by adjusting the concentration of gelator
molecules to match the environment of the chosen cell line. It should
noted that the concentration is low enough to produce a large volume of
hydrogel at low cost. Gelling kinetics are compatible with cell process-
ing, being fast enough to prevent cell sedimentation but slow enough to
facilitate their internalization into the gel. This 3D scaffold mimics the
architecture of the extracellular allowing the cell model to develop into
a multicellular tumor spheroid. However, reproducibility of 3D systems
remains one of the greatest challenges. In fact, to be reliably used for
different types of applications, a 3D model must always be able to
provide the same starting point of analysis. In other words, the 3Dmodel
should ideally always be produced with the same biophysical charac-
teristics. Implementing a cancer stem cells population of in GNB-BA
0.25% w/v hydrogel overcame these difficulties. Indeed, on the on
hand, CSCs possess key characteristics, such as self-renewal and multi-
potency, which enable them to initiate tumor development in vivo, and
form solid tumors from a small number of cells. On the other hand, cell
sorting of GBM cell lines (U87-MG) by SdFFF enables the isolation of
sub-populations of CSCs, without impairing their intrinsic biological
properties. The results of the 3D culture of SdFFF sub-populations
demonstrate that CSCs generate reproducible production of spheroids
of uniform size, high viability, repeatable growth kinetics and spatial
organization. In contrast, the sub-population of differentiated cells was
enable to generate any cell growth during 35 days of culture and the
heterogeneous population generated heterogeneous MCTS. Conse-
quently, CSCs are required to achieve high reproducibility of
morphology and size. However, the three-dimensional structure of the

spheroids needs to be further characterized to better highlight the
different layers and their transcriptomic profiles.

Finally, the reproducibility of this system, particularly at different
time of culture, means that it can be used in a wide variety of
applications.
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