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A B S T R A C T

Spheroids derived rom human mesenchymal stem cells (hMSCs) are o limited use or cartilage regeneration, as
the viability o the cells progressively decreases during the period required or chondrogenic dierentiation (21
days). In this work, spheroids based on hMSCs and a lactose-modied chitosan (CTL) were ormed by seeding
cells onto an air-dried coating o CTL. The polymer coating can inhibit cell adhesion and it is simultaneously
incorporated into spheroid structure. CTL-spheroids were characterized rom a morphological and biological
perspective, and their properties were compared with those o spheroids obtained by seeding the cells onto a non-
adherent surace (agar gel). Compared to the latter, smaller and more viable spheroids orm in the presence o
CTL as early as 4 days o culture. At this time point, analysis o stem cells dierentiation in spheroids showed a
remarkable increase in collagen type-2 (COL2A1) gene expression (~700-old compared to day 0), whereas only
a 2-old increase was observed in the control spheroids at day 21. These results were conrmed by histological
and transmission electron microscopy (TEM) analyses, which showed that in CTL-spheroids an early deposition
o collagen with a banding structure already occurred at day 7. Overall, these results support the use o CTL-
spheroids as a novel system or cartilage regeneration, characterized by increased cell viability and dierenti-
ation capacity within a short time-rame. This will pave the way or approaches aimed at increasing the success
rate o procedures and reducing the time required or tissue regeneration.

1. Introduction

Articular cartilage is a connective tissue devoid o nerves, blood and
lymphatic vessels, composed by a single cell population (chondrocytes)
that is embedded in an extracellular matrix (ECM) mainly composed o
collagen bers and glycosaminoglycans (GAGs). Mechanical trauma,
aging or infammatory diseases can aect both the structure and unc-
tions o articular cartilage, that has a limited sel-repair capacity due to
the absence o blood vessels and to the low replicative ability o chon-
drocytes [1,2].

Nowadays, damaged cartilage can be regenerated either by surgical

approaches (microractures, Autologous Chondrocyte Implantation -
ACI, Matrix-Associated Autologous Chondrocyte Implantation – MACI,
Autologous Matrix-Induced Chondrogenesis - AMIC) or by cell therapies
based on chondrocytes or mesenchymal stem cells (MSCs) [2–4].

Chondrocytes can be harvested rom a patient's biopsy, but their use
is limited since they can undergo de-dierentiation when cultured in
vitro. Instead, MSCs are optimal candidates or cell therapy, as they are
easily available, have high dierentiation and prolieration potential,
and display anti-infammatory and immunomodulatory properties
[3,5]. Further improvement in cartilage regeneration has recently been
achieved with spheroids [6,7].
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Spheroids are 3D cell structures with sel-assembly capacities that
reproduce the environment in vivo with higher similarity than 2D cell
cultures. As to the cell source, MSCs rom adipose tissue cultured in the
orm o spheroids display the highest chondrogenic potential compared
to stem cells derived rom dental pulp and Wharton's jelly [8].

The main advantage o spheroids over 2D cell cultures is the main-
tenance o cell-cell and cell-matrix interactions, which occurs through
the interaction with membrane integrins and cadherins [9–11].

Spheroids can be prepared through various techniques [12]. Among
them, preventing cell adhesion to tissue culture plates is a simple, ast
and inexpensive strategy [12–16].

This approach has recently been employed to prepare hybrid cell-
polymer aggregates as a novel cell-based therapy or the treatment o
cartilage deects [17]. These cellular aggregates (named chondro-
aggregates) consist in a two-components systems composed o chon-
drocytes and o a lactose-modied chitosan (namely, CTL), whose
bioactivity has been demonstrated in terms o stimulating the synthesis
o the cartilage matrix components in primary chondrocytes [18], acting
as a scavenger or Reactive Oxygen Species (ROS) [19] and, in combi-
nation with hyaluronic acid (HA), reducing infammation and oxidative
stress [20] and stimulating the synthesis o collagen type-2 and GAGs in
chondrocyte-based nodules [21]. Moreover, biomaterials in the orm o
hydrogels and membranes based on this polymer have been developed
or cartilage and osteo-articular applications [19,22].

Despite the high regenerative potential o spheroids, the aggregation
o cells leads to compact structure with close cell-cell interactions, which
prevents the diusion o oxygen and nutrients. The depletion o these
elements causes the necrosis o cells in the central region (necrotic core)
with a general reduction o spheroids viability, limiting their use or
tissue engineering (TE) applications.

Starting rom these observations, in this work we propose a strategy
based on the use o the polymer CTL combined with mesenchymal stem
cells (MSCs) to orm 3D spheroids (namely CTL-spheroids) or applica-
tions in cartilage regeneration.

In CTL-spheroids the polymer CTL ormed a matrix that was inte-
grated in the structure o the spheroids, and thus eliciting biological
responses related to chondrogenic dierentiation. To elucidate the role
o the CTL matrix in leading to these biological responses, spheroids
without matrices (namely matrix-ree spheroids – MF-spheroids) con-
sisting only o cells were selected.

The presence o CTL in spheroids delays the ormation o large ag-
gregates at early time points, thus improving their overall viability. In
these spheroids, the process o chondrogenic dierentiation was accel-
erated compared to MF-spheroids, as conrmed by gene and protein
expression analyses. These results were conrmed by histological and
ultrastructural analyses, pointing out the increased deposition omature
collagen-type 2 in CTL-spheroids.

Overall, compared to conventional clinical approaches or cartilage
regeneration, the incorporation o CTL in MSCs-spheroids appears to be
a novel strategy that has the advantage o avoring the ormation o
smaller and more viable 3D structures, in which chondrogenic dier-
entiation is accelerated.

2. Materials and methods

2.1. Materials

Lactose-modied chitosan in hydrochloride orm, CTL (CAS Registry
Number 2173421.37–7), with ractions o N-acetyl-glucosamine
(GlcNAc; “acetylated”, A) (FA) = 0.16; glucosamine (GlcNH2; “deace-
tylated”, D) (FD) = 0.21; and lactitol substituted D unit (N-alkylated
GlcLac; “lactitol”, L) (FL) = 0.63, was kindly provided by Biopolie S.r.L.
(Trieste, Italy). The intrinsic viscosity [η] was 344 mL/g, determined at
25 ◦C by viscosimetry (CT1150 Schott Geräte automatic measuring
apparatus and a Schott capillary viscometer), and the estimated mo-
lecular weight was 780,000 g/mol [23]. Agar was kindly provided by

Java Biocolloid Europe Srl.
Phosphate-buered saline (PBS), Triton X-100, sodium hydroxide

(NaOH), ormaldehyde 40 % w/v, bovine serum albumin (BSA), poly
(vinyl alcohol), (MOWIOL 4–88), normal goat serum (NGS), Trizol,
Fluorescein isothiocyanate (FITC), Human Mesenchymal Stem Cells
derived rom adipose tissue, Transorming growth actor-β1 (TGF-β1),
dexamethasone, Live/Dead assay kit, hexamethyldisilazane (HMDS),
Alamar Blue were all purchased rom Sigma-Aldrich. Insulin-Trans-
errin-Selenium-Sodium Pyruvate (ITS-A) was rom Gibco™. Ethanol
was purchased rom Carlo Erba. L-Ascorbic acid was rom Fluka Bio-
chemika. Mesenchymal Stem Cell Growth Medium 2 was rom Promo-
Cell. Penicillin/streptomycin, trypsin-ethylenediaminetetraacetic acid
(EDTA) 1× and etal bovine serum (FBS) were purchased rom Euro-
Clone s.p.a. Collagen II monoclonal antibody (catalog number #MA5-
12789) and Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Sec-
ondary Antibody, Alexa Fluor™ 594 (catalog number #A-11032), M-
MLV reverse transcriptase and microBCA assay were rom Thermo
Fisher Scientic. Hoechst 33258 was rom Invitrogen (Bleiswijk, The
Netherlands). Paran, Bio-Clear solvent, Hematoxylin Mayer's solution,
Eosin solution and Masson Trichrome kit were all purchased rom Bio-
Optica (Milan, Italy). Glutaraldehyde and osmium tetroxide (OsO4) so-
lutions were respectively purchased rom Sigma Aldrich and Società
Italiana Chimici. Human CTXII ELISA Kit was rom FineTest.

2.2. Preparation o CTL-spheroids and MF-spheroids

CTL-spheroids and MF-spheroids were prepared according to pro-
tocols already reported in the literature [17,21], with slight modica-
tions. To prepare CTL-spheroids, a CTL solution was prepared in PBS 1×
(2 % w/v) and the pH was set at 7.4. This solution (400 μL) was
employed to coat the wells o 24-well plate and air-drying was allowed
overnight. The wells were then sterilized by UV-rays or 20 min. Human
Mesenchymal Stem Cells derived rom adipose tissue (hMSCs-AT) were
cultured in cell medium supplemented with penicillin/streptomycin 1 %
and supplementary mix 10 %, according to manuacturer's instructions.
At the day o seeding (time zero), the cells were trypsinized and 60,000
cells were plated in each well, in 1.5 mL o chondrogenic medium
(ascorbic acid 100 μM, dexamethasone 0.1 μM, Transorming Growth
Factor-β - TGF-β - 10 ng/mL, Insulin-Transerrin-Selenium-Sodium Py-
ruvate – ITS-A 1×). Matrix-ree spheroids (MF-spheroids) were prepared
by seeding hMSCs-AT at the same cell density in chondrogenic medium,
but the wells were coated with an agar gel (2 % w/v in PBS 1×) to
prevent cell adhesion. The cells were cultured in chondrogenic medium
up to 21 days. Once a week 700 μL o medium were removed rom each
well and resh chondrogenic medium was added (800 μL).

2.3. Analysis o spheroid dimensions

The analysis o spheroids dimension was evaluated using an optical
microscope (Optech IB3 ICS) equipped with a Pentax K100D camera,
using 4× as objective. This analysis was perormed only or those time
points at which spheroids could be still recognized as single entities (i.e.
day 1, day 4 and day 7 or CTL-spheroids; day 1 and day 4 or MF-
spheroids), by using the Fiji-ImageJ sotware. For these time point, the
pictures were acquired and the diameter o spheroids was calculated.
Data were averaged and standard deviation calculated.

2.4. Cell viability assay (Alamar Blue)

The viability o spheroids was evaluated by the Alamar Blue assay.
CTL andMF-spheroids were collected at day 1, 4, 7, 11 and 14 o culture,
transerred to an Eppendor tube and centriuged at 69 g or 5 min.
Alamar Blue was added to complete cell medium (dilution 1:30) and
300 μL o this solution were added to each sample. Incubation was
allowed or 4 h, at 37 ◦C in the dark. The medium (200 μL) was trans-
erred to a plate and fuorescence intensity was read with a fuorimeter
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FLUOStar Omega-BMG Labtech spectrophotometer (excitation: 544 nm;
emission: 590 nm). For each time point, our replicates were averaged
and standard deviation calculated. Statistical analysis was perormed by
an unpaired Student t-test (p-value <0.05 was considered as statistical
signicant).

2.5. Live/dead assay

The viability o the spheroids was analyzed qualitatively using a
Live/Dead assay kit. Spheroids samples were cultured or 1, 4, 7 and 14
days. At each time point, 2 μL o solution A (containing calcein-AM) and
1 μL o solution B (containing propidium iodide) were added to 1 mL o
PBS 1×. Then, 100 μL o the resulting mixture were added to the sample.
Images were captured using a Nikon Eclipse Ti-E epifuorescence live-
imaging microscope.

2.6. Scanning Electron Microscopy (SEM)

The morphology o spheroids was investigated by Scanning Electron
Microscopy (SEM) analyses. Spheroids samples were collected at day 4,
7 and 14. At these time points the spheroids were collected, washed with
PBS 1× and xed with glutaraldehyde 2.5 % in PBS 1× or 1 h at room
temperature (RT). The xative was then removed and the samples were
washed with PBS 1×, gradually dehydrated in ethanol (30 %, 70 %, 100
% v/v in deionized water), then substituted by hexamethyldisilazane
(HMDS, 30 %, 70 % 100 % v/v in ethanol), which was air-dried at room
temperature. Each o these step was perormed or 20 min at RT. For
SEM analyses the spheroid samples were placed on aluminum stubs
covered with a double-sided carbon tape and sputter-coated with gold
using a Sputter Coater K550X (Emitech, Quorum Technologies Ltd., U.
K.). The analyses were perormed using a scanning electron microscope
(Quanta 250 SEM, FEI, Oregon), working in secondary electron detec-
tion mode. The acceleration voltage was set at 30 kV, while the working
distance was set at 10 mm.

2.7. Synthesis o CTL labelled with uorescein isothiocyanate

To label CTL with fuorescein isothiocyanate (FITC), CTL (500 mg)
was dissolved in deionized water (167 mL) under stirring, and FITC
solution (1.1 mL; 0.5 mg/mL in sodium bicarbonate buer 50 mM) was
added to the CTL solution. The incubation was allowed or 24 h in dark,
at room temperature (RT). This solution was then dialyzed (Spectrapore,
MWCO 12′000) against NaHCO3 50 mM, NaCl 100 mM and against
water until the conductance was lower than 3 μS/cm at 4 ◦C. The pH o
the solution was set at 4.5 and reeze-dried using an ALPHA 1–2 LD plus
reeze-dryer (CHRIST, Osterode am Harz, Germany).

2.8. Localization o CTL in CTL-spheroids

The analysis o CTL localization in CTL-spheroids was perormed
ollowing a protocol already described in Pizzolitto et al. [17]. The CTL
solution employed or the coating o the well contained CTL and
fuorescent-labelled CTL in ratio 1:1. CTL-spheroids were collected at
day 4, 7 and 14, washed in PBS 1× and xed in ormaldehyde 4 % v/v in
PBS 1× or 15 min at room temperature. The samples were then washed
3 times in PBS 1× and incubated with Triton 0.2 % v/v in PBS 1× or 15
min at room temperature. The spheroids were washed in PBS 1× and
incubated with the blocking solution containing Bovine Serum Albumin
(BSA) 4 % w/v and Normal Goat Serum (NGS) 5 % v/v in PBS 1×, or 1 h
at 37 ◦C. The blocking solution was then removed, the spheroids were
washed with PBS 1× and treated with Hoechst (diluted 1:1000 in PBS
1×) or 10 min at RT to visualize cell nuclei. The spheroids were washed
with PBS and visualized by a Nikon Eclipse Ti-E epifuorescence live-
imaging microscope.

2.9. Light microscopy analyses on spheroids

Spheroids samples were collected at day 4, 7 and 14, washed with
PBS 1× and xed with paraormaldehyde 4 % w/v in PBS 1× or 20 min
at RT. The xative was removed and a washing step was perormed
twice in PBS 1×. The spheroids were then included in an agarose gel. For
the inclusion step, agarose was dissolved in PBS 1× (1.5 % w/v) by using
a microwave and cooled down at 37 ◦C. This solution (100 μL) was
added to the spheroid pellet and rapidly transerred to a circular mold.
The agarose gel containing the spheroid was then employed or the light
microscopy analyses. Subsequently, samples were dehydrated through
ascending alcohols series, and then paran embedded. Next, samples
were dewaxed (alcohols at progressively decreasing concentrations) and
cut, by means o a rotary microtome, in sections 4 μm thick; sections
were urther processed or Hematoxylin-Eosin (H/E) and Masson's Tri-
chrome stainings. Ater that, randomly selected sections or each
experimental point were observed and acquired by Leica DM 4000 light
microscope (Leica Cambridge Ltd., Cambridge, UK) equipped with a
Leica DFC 320 camera (Leica Cambridge Ltd., Cambridge, UK). Leica
Application Suite X (LASX) (Leica Cambridge Ltd., Cambridge, UK)
image analysis sotware was employed or the acquisition o images.

2.10. Real time PCR on spheroids

Spheroids samples were collected by centriugation (69 g or 5 min)
at day 4, 7 and 14 and washed twice with PBS 1×. The spheroid pellet
was resuspended in PBS 1× (200 μL), Triton X-100 (800 μL) was added
to each sample. The samples were stored at 20 ◦C overnight or RNA
extraction. Total RNA was puried rom cells by using Trizol, according
to manuacturer's protocol. For cDNA synthesis, 500 ng o RNA were
retrotranscribed with M-MLV reverse transcriptase (Thermo Fisher Sci-
entic, Waltham, MA, USA) and hexameric random primers. Gene
expression levels o genes o interest were determined by quantitative
Real Time PCR (qPCR) by using a CFX96 Real-Time PCR detection sys-
tem (Bio-Rad Laboratories, Redmond, WA, USA) and SYBR Green
methodology (Bio-Rad Laboratories, Redmond, WA, USA). The primer
pair used to analyze gene expression levels o genes o interest (5 to 3′)
are reported in Table 1:

The expression o the house-keeping genes GAPDH was used to
normalize targets' gene expression, and the relative expression levels
were calculated using the 2^-ΔΔCT method [24].

The results are representative o two independent experiments in
triplicate. Statistical signicance was calculated by unpaired T-test
analysis. Values are presented as mean and error bars indicate standard
errors (SE). To evaluate the hyaline cartilage orming potential, the ratio
o COL2A1 to COL1A1 was expressed as 2^(CtCOL2A1CtGAPDH)/2^
(CtCOL1A1CtGAPDH) [25,26].

2.11. Transmission Electron Microscopy (TEM) on spheroids

Spheroids samples were collected at day 4, 7 and 14, washed with
phosphate buer 100 mM, pH 7.4, and xed with glutaraldehyde 2.5 %

Table 1
Primers employed or Real-Time PCR tests.
Primer Sequence (5′ - 3′)
GAPDH_FW TCAAGGCTGAGAACGGGAAG
GAPDH_REV CGCCCCACTTGATTTTGGAG
COL1A1_FW CCCTGGAAAGAATGGAGATGAT
COL1A1_REV ACTGAAACCTCTGTGTCCCTTCA
COL2A1_FW CCTGGCAAAGATGGTGAGACAG
COL2A1_REV CCTGGTTTTCCACCTTCACCTG
SOX-9_FW AGGAAGCTCGCGGACCAGTAC
SOX-9_REV GGTGGTCCTTCTTGTGCTGCAC
COL10A1_FW CAAGGCACCATCTCCAGGAA
COL10A1_REV AAAGGGTATTTGTGGCAGCATATT
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(w/v) in phosphate buer 100 mM, pH 7.4, or 2.5 h at 4 ◦C. The xative
was removed and resh phosphate buer was added to each sample.
Ater short washing steps in phosphate buer 100 mM, the samples were
post xed in osmium tetroxide (OsO4) 1 % in cacodylate buer 100 mM
or 30 min at 4 ◦C and then embedded in epoxy resin ater a graded
acetone serial dehydration step (30 %, 50 %, 70 %, 90 %, 100 % v/v in
H2O). Ultrathin sections o 100 nm were stained by uranyl acetate so-
lution and lead citrate, and then observed by transmission electron
microscope CM10 Philips (FEI Company, Eindhoven, The Netherlands)
at an accelerating voltage o 80 kV. Images were recorded by Megaview
III digital camera (FEI Company, Eindhoven, The Netherlands).

2.12. Immunohistochemistry on spheroids (Type-2 collagen) and image
analysis

Spheroids samples were collected at day 4 and 7 to evaluate the
expression o type-2 collagen by immunohistochemical analyses. The
spheroid samples were xed with ormaldehyde 4 % V/V (Sigma) in PBS
or 30 min at room temperature, washed with PBS 1× and incubated
with Triton-X100 0.2 % v/v or 15 min at room temperature and then
with a blocking solution containing Bovine Serum Albumin (BSA) 4 %
w/v and Normal Goat Serum (NGS) 5 % in PBS 1×, or 1 h at room
temperature (RT). The blocking solution was then removed and spher-
oids were washed with PBS 1×. The collagen II monoclonal antibody
was diluted in blocking buer (1:200) and incubated with the spheroids
at 4 ◦C over night. A washing step was perormed with PBS 1× and
incubated with the secondary antibody diluted in blocking buer
(1:200) or 2 h at room temperature. The samples were washed with PBS
1× and the cell nuclei were counterstained with DAPI. The samples were
washed with PBS 1× and mounted on a microscope slide with Mowiol.
Images were acquired using a Nikon C1si conocal microscope (Nikon,
Tokyo, Japan), equipped with 488 nm (argon), 408 nm, and 561 nm
(diode) lasers. Light was delivered to the sample with an 80/20 refector.
The system was operated with a pinhole size o one Airy disk. Electronic
zoom was kept at minimum values or measurements to reduce potential
bleaching. For the dierent elds collected we used a 40× Plan Apo
objective at dierent Z-stacks at 318 μm × 318 μm. Images were
captured under identical acquisition settings in order to allow compar-
ison o fuorescent intensity. The staining quantication was perormed
and analyzed by the Fiji-ImageJ 1.53c tool ROI manager (NIH, Bethesda,
USA). Images o our dierent spheroids were analyzed or each sample.
The fuorescence intensity was expressed as CTCF/ selected Area where
CTCF = Integrated Density – (Selected Area X Mean fuorescence o
background readings).

2.13. ELISA assay or Type-2 collagen quantifcation in spheroids

Type-2 collagen was measured by quantiying C-terminal propep-
tides in spheroid medium at day 4 and 7 ater cell seeding, using the
Human CTXII ELISA Kit (FineTest) ollowing the manuacturer's in-
structions. Optical density was measured using a FLUOStar Omega-BMG
Labtech spectrophotometer. Data was normalized to the total protein
content evaluated a by microBCA assay (ThermoFisher Scientic) in
spheroid lysates according to manuacturer's instructions.

3. Results

3.1. Formation and morphological characterization o CTL-spheroids

Spheroids based on hMSCs and CTL were generated using a pro-
cedure previously described by the authors or the production o
chondro-aggregates [17]. In brie, cells were seeded onto CTL-coated
tissue culture wells, which were prepared by air-drying a polymer so-
lution. In the present work, the spheroids produced on the CTL-coating
are reerred to as CTL-spheroids. The properties and eatures o CTL-
spheroids were compared with those o spheroids obtained by seeding

the cells onto a non-adherent surace consisting o an agar gel, and
reerred hereater to as MF-spheroids (Matrix-Free spheroids) (Fig. 1a-
b).

Ater cell seeding in chondrogenic dierentiation medium, the pro-
gression o CTL- (Fig. 1c-h) and MF-spheroid ormation (Fig. 1i-p) was
monitored rom day 1 to day 21 by optical microscopy. Under both
conditions, the cells do not adhere and they begin to sel-assemble into
small aggregates already rom day 1. As the culture time progresses,
these aggregates organize themselves into spherical structures with
increasingly larger diameters and higher cell density. Although the
general behavior o the spheroids over time is the same, clear dierences
can be observed between the two systems. Indeed, the MF-spheroids
already show a larger size with respect to CTL-spheroids on the rst
days o culture, although a considerable size heterogeneity occurs in
both cases. This dierence becomes even more evident in the ollowing
period, in which the ormation o ewer structures with larger diameters
occurs, mainly due to a process o coalescence o already ormed ag-
gregates. In the case oMF-spheroids, the aggregates display a diameter
in the range o 97 ± 43 μm and 194 ± 128 μm at day 1 and day 4,
respectively. In the case o CTL-spheroids the dimensions are in the
range o 50 ± 16 μm and 114 ± 59 μm in the same culture period. From
day 7 onwards, the presence o a single spheroid can be observed in the
agar-coated wells (diameter in the range 300–500 μm) while in the CTL-
coated wells both single and only partially used spheroids are still
clearly visible at day 14. Only rom this point on, the dimensions o the
two types o spheroids become comparable. A more detailed analysis o
the morphology o the spheroids is provided by SEM images (Fig. 2). In
both culture conditions, already at day 4, dened cell boundaries are no
longer recognizable in the aggregates, but the structures already appear
quite compact and rather smooth. At day 4, the surace o the CTL-
spheroids appears somewhat more irregular, with higher magnica-
tion also revealing individual cells in an amorphous matrix; this appears
also on spheroids at day 11 (see inset in Fig. 2.a1 and c1). Over time, the
structures become larger, very compact and dense, and the phenomenon
o coalescence becomes evident.

Cell viability in the spheroids was evaluated by the Alamar Blue
assay (Fig. 3a). The results show that, although a progressive decrease in
cell viability occurred over 14-days culture or both spheroid types, in
CTL-spheroids an increase o fuorescence signal occurs rom day 1 to
day 4, indicating some degree o cell replication.

A qualitative assessment o cell viability was also perormed using a
live/dead assay, which is based on the dierential permeability o live
and dead cells to a pair o fuorescent dyes (calcein-AM staining or
living cells and propidium iodide or dead cells). The test shows that the
cells composing the spheroids are viable in both samples at day 1, when
the size o the spheroids is suciently small to allow oxygen and
nutrient diusion through the structures (Fig. 3b and c). As the diameter
o the spheroids increases, a necrotic core surrounded by a crown o
viable cells orm (Fig. 3d-i). The ormation o the necrotic core in
spheroids has been reported or dierent spheroid types [27] and it can
be ascribed to their compact structure, which prevents the diusion o
oxygen and nutrients [28,29]. The occurrence o this phenomenon is
particularly evident rom day 4 only in MF-spheroids or which, due to
the large dimensions o spheroids, the extent o cell death progresses
gradually during the 14-day spheroid culture. Conversely, in CTL-
spheroids the presence o the polymer retards the process o cell ag-
gregation, which results in the ormation o spheroids with smaller di-
mensions and thus to an increase o the overall cell viability.

The ability o CTL to promote the aggregation o chondrocytes and to
act as a temporary and bioresorbable extracellular matrix through the
interaction with sugar-binding membrane structures have already been
reported by some authors o this paper [17]. On this basis, the locali-
zation o CTL in the MSC-spheroids was assessed by seeding the cells
onto a coating o CTL labelled with the FITC fuorochrome (Fig. 4).

The images show that the fuorescent CTL is mainly located in the
inner part o the spheroids (Fig. 4a-h). In analogy to what was observed
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in aggregates based on chondrocytes, it can be assumed that the cells in
these structures can bind to CTL and simultaneously interact with
themselves, leading to the ormation o hybrid polymer-cell structures in
which the polymer is embedded. No variation in CTL localization within
spheroids is observed over time.

3.2. Chondrogenic dierentiation capabilities and expression o stemness
markers in CTL-spheroids

In order to evaluate the chondrogenic gene expression in spheroids,
quantitative Real Time PCR (qPCR) analyses were carried out to track
the relative variations in COL2A1, SOX-9, COL1A1, and COL10A1
expression in dierentiation medium. The results refect the expression
snapshots o the aorementioned genes at days 0, 4, 7, 14 and 21, and the
COL2A1:COL1A1 mRNA ratio in both CTL-spheroids and MF-spheroids
(Fig. 5a-c).

In MF-spheroids, COL2A1 expression did not increase signicantly
until day 21, when only a ~2-old increase can be observed (Fig. 5a);
this time rame is consistent with data reported in the literature on the
kinetics o stem cell dierentiation in 3D systems [6,30,31]. Surpris-
ingly, the chondrogenic dierentiation marker COL2A1 was remarkably
upregulated in CTL-spheroids. The amount o COL2A1 mRNA increased
signicantly at early time points, and at day 4 the expression was about
700-old higher than at day 0 (Fig. 5a). This time point corresponds to
the highest spheroid viability and to the lowest spheroid dimensions.
Ater day 4, the level o COL2A1 mRNA decreased. However, it is
interesting to note that the expression level o COL2A1 at day 7 was still
40 times higher than at day 0, and it continued to increase at day 21 (day
7: ~40×; day 14: ~30×; day 21: ~86× than day 0, respectively).

SOX-9 is a pivotal transcription actor in developing o cartilage and
it is active throughout chondrocyte dierentiation. This transcriptional
activator directly targets genes encoding key cartilage-specic extra-
cellular matrix components such as collagen types 2, 9, and 11, aggre-
can, link proteins and their regulators [32]. The expression prole o
SOX-9 diered between the two culture systems (CTL- and MF-
spheroids). In the CTL system, there was an initial increase in its
mRNA levels as early as day 4, reaching its peak at day 7, ollowed by a
decline in its expression at day 14, and an increase again at day 21.
Conversely, in MF-spheroids the expression o SOX-9 seemed to decrease
throughout the culture period until day 14 and showed an increase only
at day 21 (Fig. 5b).

The expression o COL1A1 and COL10A1 was also considered, since
these genes are markers o endochondral bone ormation and hyper-
trophy, respectively, and they negatively correlate with the chondro-
genic dierentiation o stem cells. The expression o COL10A1 did not
change signicantly at all time points compared to day 0 in both
spheroid types (data not shown). As to the second marker, the ratio
between COL2A1 and COL1A1 mRNA levels is commonly used as an
indicator o the mature chondrocyte phenotype in gene expression
analysis [33,34]. The COL2A1:COL1A1 mRNA ratio showed a consistent
upward trend in the MF-spheroids, but never exceeded the value o 2.0
by day 21 (Fig. 5c). In contrast, chondrogenic dierentiation in CTL-
spheroids showed a strong increase in COL2A1:COL1A1 mRNA ratio
over time, reaching a value o ~160-old at day 21 o culture. This
substantial increase suggested an enhancement in the chondrocyte-

(caption on next column)

Fig. 1. Schematic illustration o the CTL- (a) and MF-spheroids (b) or-
mation, and optical images o CTL-spheroids (c-h) and MF-spheroids (i-p)
(scale bar: 200 μm). hMSCs are seeded on an air-dried CTL coating. During the
rehydration process, the polymer chains are dissolved in the culture medium
and orm an extracellular matrix in hybrid, spherical cell-CTL structures
through cell-polymer interactions (a). In MF-spheroids, hMSCs are seeded on an
agar gel; spheroid ormation occurs through the establishment o cell-cell in-
teractions (b1). Optical images o CTL- (c, d, e, , g, h) and MF-spheroids (i, l, m,
n, o, p) describing the progression o spheroid ormation over time (day 1, 4, 7,
11, 14 and 21, respectively).
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specic phenotype compared to MF-spheroids.
Additionally, considering that the nature and composition o the

extracellular niche is o pivotal importance not only or the

dierentiation capacity but also or the maintenance o the pluripotent
and sel-renewing state o stem cells, the expression o the sel-renewal
genes NANOG and OCT-4 in CTL- and MF-spheroids was also

Fig. 2. SEM images o CTL-spheroids (a, b, c, d) and MF-spheroids (e, , g, h) at day 4, 7, 11 and 14 o culture. Insets: details o individual cells embedded in an
amorphous matrix in CTL-spheroids (a1); external matrix o CTL-spheroids (c1). (Scale bar a1: 30 μm; a. d.: 100 μm; e, c1: 200 μm; . h.: 300 μm; b. c. g.: 500 μm).

Fig. 3. Alamar blue assay (a) and Live/dead images o CTL-spheroids (b, d, , h) and MF-spheroids (c, e, g, and i) at day 1, 4, 7 and 14 (scale bar: 200 μm).
Living cells are in green, while dead cells appear in red. For Alamar blue assay (a), data are reported as mean ± standard deviation (n = 5). Statistics: unpaired
Student's t-test (*: p-value < 0.05). (For interpretation o the reerences to colour in this gure legend, the reader is reerred to the web version o this article.)
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Fig. 4. Localization o CTL in CTL-spheroids at day 1 (a, e), 4 (b, ), 7 (c, g) and 14 (d, h). Green fuorescence corresponds to FITC-labelled CTL; blue fuo-
rescence corresponds to cell nuclei stained with Hoechst (scale bar: 100 μm). (For interpretation o the reerences to colour in this gure legend, the reader is reerred
to the web version o this article.)

Fig. 5. Kinetic study o gene expression in CTL-spheroids and MF-spheroids (a-e). Expression o COL2A1 (a), SOX-9 (b), ratio COL2A1:COL1A1 (c), NANOG (d),
OCT-4 (e) in CTL-spheroids (grey bars) and MF-spheroids (black bars). The ratios o COL2A1:COL1A1 at each time point were calculated as described in the Materials
and Methods section. The data were normalized to the housekeeping gene GAPDH, and the relative expression o each gene was calibrated to that o day 0 cells (set as
1). Data are presented as mean ± SE (*: p-value < 0.05).

F. Scognamiglio et al.

7



Biomaterials Advances 160 (2024) 213849

8

investigated ater 4, 7, 14 and 21 days in dierentiation medium
(Fig. 5d-e).

These ndings revealed a comparable expression pattern over time in
both culture systems, although with variable relative expression levels at
each time point. Despite being conducted under dierentiation condi-
tions, the genes in both cases exhibited a time-dependent increase as
early as day 4, but CTL-spheroids demonstrated a greater increase
compared to MF-spheroids. For instance, in CTL-spheroids, the relative
expression o NANOG escalated rom approximately 12-old at day 4 to
around 2300-old at day 21, whereas in MF-spheroids, the upregulation
ranged rom approximately 2-old to about 150-old, respectively.
Similar trends were observed or OCT-4 expression levels.

Type-2 collagen expression was examined by immunohistochemistry
at day 4 and day 7 o spheroid culture, as an upregulation o the COL2A1
gene in CTL-spheroids occurred within the rst week o culture (Fig. 6a-
i). Image analysis was perormed using ImageJ sotware tools to quan-
titatively measure the fuorescence intensity. The results show that type-
2 collagen is present at low levels in both samples on day 4 o culture,
although it appears signicantly more highly expressed in the CTL-
spheroids. On day 7, however, the two samples show the greatest di-
erences. While the level o protein expression does not change in MF-
spheroids, the fuorescence signal more than doubles in CTL-
spheroids. The data are also conrmed by the quantication o type 2-
collagen telopeptides in the growth medium o CTL- and MF-spheroids
on days 4 and 7 ater seeding (Fig. 6l.)

Histological evaluation was done by H/E and Masson's Trichrome
stainings in both CTL-spheroids and MF-spheroids (Fig. 7a-n). H/E
staining conrmed the dimensional analysis reported in Section 3.1
“Formation and morphological characterization o CTL-spheroids”, as CTL-
spheroids have smaller dimensions and a less dense and compact
structure than MF-spheroids (Fig. 7a-).

In terms o structural organization, cells in CTL-spheroids were
preerentially localized at the edge o the structure (black arrows) rather
than in the spheroid core, where an amorphous matrix is deposited (blue
arrows). The latter can be associated with CTL because o its ability to
bind the dye [17]. The hypothesis is consistent with the images with
FITC-labelled CTL, showing that the polymer is predominantly located
inside the aggregates (Fig. 4). Interestingly, conversely to MF-spheroids,
in CTL-spheroids cell arrangement within the structure seems to repro-
duce chondroblasts/osteoblasts within chondrogenic osteogenic lacunae
[35]. This resemblance became particularly evident ater 4 days o
culture (Fig. 7a).

Masson's Trichrome staining, which highlights collagen bers in blue
(black arrows), showed that there was an early deposition o collagen-
based extracellular matrix in CTL-spheroids starting rom day 4 o cul-
ture (Fig. 7g). This deposition remained consistent throughout all
experimental time points, with the blue staining becoming even more
intense ater 7 and 14 days o culture (Fig. 7h-i). Conversely, in MF-
spheroids at day 4, 7 and 14, a clear blue staining was observed only
at day 7 o culture and appeared weaker at day 14, when a weak blue
signal appeared within a compact cellularized matrix (Fig. 7i -n).

3.3. TEM ultrastructural analysis o CTL-spheroids

Transmission Electron Microscopy (TEM) analyses were perormed
in order to characterize the ultrastructural morphological organization
o spheroids, in terms o ECM deposition, interaction between CTL and
cells, and the cellular modications correlated to CTL. Fig. 8 shows CTL-
spheroids cultured or 4, 7 and 14 days.

Ater 4 days o culture, a well-organized and compact structure is
observed. At low magnication, nuclei and nucleoli are easily observed,
while cytoplasmic organelles and cell membrane are indistinguishable
rom the other components o the ECM (Fig. 8a). The rough endoplasmic
reticulum (RER) is widely developed suggesting an intense protein
synthesis (Fig. 8.a1). Several lysosome and vesicles are observed inside
the cytoplasm, which are correlated with the interaction between cells

and the sugar-based components o CTL. In the ECM, brillary structures
are detected (Fig. 8b). At higher magnication a banding organization
resembling the collagen type-2 proteins is easily detected (Fig. 8.b1).

Ater 7 days o cell culture, cells showed a well preserved

Fig. 6. Immunohistochemical images o CTL- (a, b, e, ) and MF-spheroids
(c, d, g, h) showing type-2 collagen stained red, while the nuclei are
stained blue (DAPI) (Scale bar 100 μm). (i) Quantitative analysis o uo-
rescence microscopy images o CTL- and MF-spheroids. Data are presented
as mean ± SE o the CTCF/selected area values o the analyzed images ac-
cording to the ormula described in Materials and Methods. (l) Quantifcation
by ELISA o type-2 collagen telopeptides (CTX-II) in CTL- and in MF-
spheroids medium on days 4 and 7 ater cell seeding. Data representative
o the experiment run in triplicate. Values are expressed as mean ± SD and are
normalized to total protein content in spheroid lysate. Statistically signicant
dierences between CTL- and MF-spheroids values were analyzed using Stu-
dent's t-test. Symbols indicate statistical signicance (**: p-value < 0.01; *: p-
value < 0.05. For quantitative analysis o fuorescence microscopy images n=4;
or ELISA assay n=3). (For interpretation o the reerences to colour in this
gure legend, the reader is reerred to the web version o this article.)
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morphology (Fig. 8c) and an increased deposition o collagen bers is
detected in the ECM (Fig. 8d). Lysosomes are still observed inside the
cytoplasm (Fig. 8.c1), while the RER almost lled the cytoplasmic area.
Collagen bers parallel, perpendicular oriented and with a banding
structure are detected in the ECM (Fig. 8d and .d1).

Ater 14 days o CTL culture, the spheroids showed a preserved
morphology only in cells localized on the external surace while
degraded ECM and several necrotic cells are observed in the inner area
(Fig. 8e). Empty vesicles are visible and a deteriorated ECM is shown

(Fig. 8). Collagen bers are still detected but no clear banding structure
is still observed, suggesting protein degradation correlated with cell
death (Fig. 8 and .1).

In MF-spheroids at day 4, the cells show a preserved cellular ultra-
structural morphology (Fig. 9a).

Large empty spaces between cells are clearly observed at low
magnication (Fig. 9a), suggesting a low production o ECM compo-
nents. The single cells are easily detected, including nuclei and cell
membrane (Fig. 9a). At higher magnication, the cells show a well-

Fig. 7. H/E staining on CTL- (a, b, c) and MF-spheroids (d, e, ) at day 4, 7 and 14 (scale bar: 50 μm), and Masson's Trichrome on CTL- (g, h, i) and MF-
spheroids (l, m, n) at 4, 7 and 14 days o culture (scale bar: 50 μm). Blue staining identies collagen. (For interpretation o the reerences to colour in this gure
legend, the reader is reerred to the web version o this article.)
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developed RER (Fig. 9.a1). A detail o ECM show a less compact orga-
nization compared to CTL samples, (Fig. 9b). In these spheroids a ew
brillar component is detected and a clear banding structure is missing
(Fig. 9b and .b1), suggesting the inability o the cells to complete the
process o collagen maturation. Ater 7 days o culture, empty spaces
between cells are still observed in MF-spheroids (Fig. 9c). The

ultrastructural cellular morphology shows a developed RER, lling hal
o the cytoplasm (Fig. 9.c1). In these structures, the ECM is characterized
by empty spaces and several brillar components, parallel oriented, in
which no banding structure is detected (Fig. 9d and .d1). Ater 14 days o
culture, the cells composing the spheroids do not show any sign o
cellular damage and/or death (Fig. 9e). They show a preserved

Fig. 8. Representative images o TEM ultrastructural morphological analysis o CTL spheroids. Low magnication o the internal organization o CTL-
spheroids ater 4 days o cell culture (a). Nuclei are easily detected (N) while the cytoplasmic components are indistinguishable rom the other components o
the ECM. Cellular organelles such as mitochondria and RER (a1) are observed (bar: 5 μm; bar inset: 2 μm); detail o the ECM in which brillar structures (arrows) are
observed (b). A banding organization in the brillar components is easily detected (b1) (bar: 2 μm; bar inset: 500 nm); CTL spheroids ater 7 days o cell culture (c).
Cells show a well preserved morphology and are tightly connected each other. Nuclei (N) and RER (c1) are easily detectable (bar: 5 μm; bar inset: 2 μm); ECM detail
showing laments structures parallel oriented (arrows) (d). A banding organization is still detectable in the lamentous component o ECM (d1) (bar: 1 μm; bar inset:
200 nm); CTL spheroids ater 14 days o cell culture (e). Several necrotic cells (arrow heads) are observed in the internal structure o the spheroids, while elongated
and well preserved cells are detected on the external surace (arrows) (bar: 10 μm). Fibrillar components (arrows) and several vesicles (V) in the ECM are detected ().
No banding organization in the brillar structures is detected (1) (bar: 2 μm; bar inset: 500 nm).
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morphology, in which cell nuclei, cellular organelles, RER and mito-
chondriaare easily detected (Fig. 9e and ). Empty spaces between cells
were observed, suggesting a low production o ECM components even
ater 14 days o culture. At higher magnication, a ew brillar struc-
tures were detected in the ECM (Fig. 9 and .1) but no sign o banding

organization was observed (Figure 9.1).

4. Discussion

MSCs represent one o the main cell sources or applications in tissue

Fig. 9. Representative images o TEM ultrastructural morphological analysis o MF-spheroids. Cells ater 4 days o culture showed a well preserved
morphology (a). Nuclei (N) are easily observed. Several areas o empty spaces are detected between cells (arrows). RER (a1) and Golgi complex are observed in the
cells, suggesting a high metabolic activity (bar: 5 μm; bar inset: 1 μm); In the space between cells, a ew brillar components o the ECM (arrows) are detected (b). No
banding organization is observed in the ECM laments (b1) (bar: 1 μm; bar inset: 200 nm); Cells ater 7 days o agar culture still showed space (arrows) between each
other (c). Cell morphology is preserved in the outer surace and inner structure o the agar spheroid. Well developed RER (*) is observed in the cytoplasm (c1) (bar:
10 μm; bar inset: 2 μm); Detail o the ECM showing a ew brillar components and large empty areas (*) between cells (d). Fibrillar components o the ECM are
parallel oriented but do not show any banding organization (d1) (bar: 2 μm; bar inset: 500 nm); Cells ater 14 days o agar culture (e). Cells still showed a well
preserved morphology although empty spaces between them are observed. No sign o cell death is detected (bar: 5 μm); Cellular organelles such as mitochondria (m)
are observed, while a ew brillar component are observed in the ECM (arrows) (). At higher magnication no banding organization is observed in the brillar
components o ECM (1) (bar: 2 μm; bar inset: 500 nm).
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regeneration. The regenerative potential o MSCs led researches to
investigate additional eatures o these cells, such as the presence o
extracellular vescicles (ECVs) secreted by cells to treat bone and
cartilage-related diseases [36–38] and their ability to orm spheroids.

MSCs-spheroids have shown potential or the treatment o various
diseases and injuries aecting cartilage tissue, due to their ability to
replicate the three-dimensional microenvironment o natural tissues.
However, cartilage regeneration is a time-consuming process, as chon-
drogenic dierentiation requires 21 days o in vitro culture prior to
implantation, a time-rame that can result in a dramatic reduction in
spheroid viability. The achievement o successul cartilage regeneration
outcomes may rely on innovative strategies aimed at accelerating the
process o chondrogenic dierentiation, while maintaining viable cell
structures. In the present paper, this aim was pursued by the use o a
naturally derived polysaccharide, namely CTL, or the preparation o
polymer-cell spheroids.

While CTL and its biochemical eatures have been previously docu-
mented in the context o cartilage tissue engineering, these results shed
light on three important innovative contributions: (i) the acceleration o
chondrogenic dierentiation, (ii) the easibility o early implantation o
dierentiated spheroid structures and (iii) the orm in which CTL can
employed. Specically, CTL-spheroids show accelerated chondrogenic
dierentiation which is achieved within approximately one week o cell
culture, as opposed to conventional approaches that require approxi-
mately 21 days. This accelerated time rame has potential implications
or shortening the duration o the surgical procedure, minimizing costs,
and improving patient outcomes by implanting spheroids composed o
viable and dierentiated cells.

Spheroids were prepared by a simple method based on seeding MSCs
onto an air-dried coating o CTL (Fig. 1a). In this approach, the polymer
CTL plays a dual role: (i) the air-dried coating inhibits cell adhesion to
the substrate immediately upon cell seeding and, (ii) during rehydration,
the CTL molecules are included in the spheroid structure, where they
may serve as a structuring matrix that binds the cells through the
interaction with membrane proteins [17]. As suggested by the presence
o the polymer inside the structures (Fig. 4), in CTL-spheroids a com-
bination o cell-cell and cell-CTL interactions occurs simultaneously,
which prevents the usion o the aggregates into larger structures. In this
case, it is reasonable to assume that, upon cell seeding, the polymer
creates a steric hindrance among cells, preventing them rom aggre-
gating into large structures.

The process o spheroid ormation in the presence o CTL diers
slightly rom that observed in the control (MF-spheroids), where cell
aggregation occurs essentially by preventing cell adhesion through a
layer made o an agar gel (Fig. 1b). These two dierent mechanisms o
spheroid ormation account or the dierent size that the spheroids
reach at each time point. Indeed, in MF-spheroids the prevalence o cell-
cell interactions leads to the ormation o ew, large, dense spheroids
rom day 4 onward. In this case, the coalescence o the existing aggre-
gates progresses rapidly and an almost single spheroid can be observed
starting rom day 7 (Fig. 1c-p).

This might explain why CTL- and MF-spheroids do not reach com-
parable dimensions until the ourteenth day o culture. The smaller size
and lower cell density could also be the reason or the higher viability o
the cells in CTL-spheroids, especially in the rst days o culture (Fig. 3a).

Indeed, the results in Fig. 3a show an increase o cell viability or
CTL-spheroids rom day 1 to day 4, ollowed by a progressive decrease o
the signal over time. In the case o MF-spheroids, the viability o cells is
already reduced at day 4, which can be ascribed to the ormation o
larger and more compact spheroids due to a phenomenon o cell ag-
gregation. In MF-spheroids, it can be appreciated the ormation o a
necrotic core that oten correlates with the diameter o the spheroids and
with their compact structure, which hinders the diusion o gases and
nutrients, leading to hypoxia and necrosis o cells located in the central
region [27,29].

In this view, the culturing o cells on an air-dried CTL coating seems

to be a promising strategy to improve the viability o spheroids, by
slowing down the ormation o larger aggregates.

Regarding the need to achieve a aster dierentiation, it has been
reported that the incorporation o an external ECM at the early stages o
spheroid ormation results in an increased survival and osteogenic di-
erentiation [39]. This suggests that the niche established by the ECM
and in which the cells are embedded may be crucial or the unctions o
MSCs already at the early stages o spheroids ormation. In this
perspective, MF-spheroids display some limitations or applications in
TE, since the cells secrete their own ECM only at later stages. Thus, the
early incorporation o a biological matrix may represent an ecient
strategy to enhance the overall eectiveness o spheroid-based ap-
proaches. Dierent strategies to increase cell-ECM interactions in
spheroids have been tried in order to improve the stem cell unctions and
dierentiation abilities oMSC spheroids. For example, hMSC spheroids
cultured on a polymer lm surace o poly(2,4,6,8-tetravinyl-2,4,6,8-
tetramethyl cyclotetrasiloxane) display an improvement in sel-
renewal abilities, pro-angiogenic potency, and multilineage dierenti-
ation capabilities [40]. Similarly, bronectin-adsorbed graphene fakes
incorporated into MSC spheroids showed an enhancement o cell-ECM
interactions and, subsequently, o the expression o paracrine actors
or myocardial repair [41]. However, these methods oten require either
the use o synthetic matrices or complicated procedures that can limit
their applicability at the clinical level.

As to the role o CTL in accelerating chondrogenic dierentiation, it
can be speculated that the early incorporation o CTL within spheroids
creates a niche in which the interplay between cells and this natural
polysaccharide matrix is improved, thus avoring the onset o cellular
responses that also occur in vivo. In this perspective, an important aspect
to highlight is the examination o gene and protein expression levels
related to chondrocyte dierentiation, particularly COL2A1. In CTL-
spheroids, the expression o the gene encoding type-2 collagen ex-
hibits a signicant 700-old increase as early as day 4 o culture (Fig. 5a).
This upregulation occurs much earlier compared to the control MF-
spheroids (which reach their peak at day 21 with a 2-old increase)
and diers rom what has been reported in the existing literature
regarding the 3D culture omesenchymal cells [6]. The peak o collagen
expression at day 4 corresponds to the period o maximum cell viability
and an average spheroid size o <200 μm, which is still small enough to
ensure oxygen and nutrient transport to the interior o MSC spheroids
[42].

Another element indicating a progressive commitment towards a
mature chondrocyte phenotype is the COL2A1/COL1A1 mRNA ratio,
which is already around the value o 50 at day 4, while no increase is
observed on MF-spheroids in the same time-rame (Fig. 5c). These
ndings are also corroborated by optical and electron microscopic in-
vestigations, which highlight the presence o large and intense areas o
mature collagen even at a very early stage o culture compared to MF-
spheroids (Figs. 6–9). The expression trend o the SOX-9 gene, a key
marker or the multistage chondrogenesis pathway, clearly suggests the
initiation o the dierentiation process as early as day 4 (Fig. 5b). This
early dierentiation was not observed in the MF-spheroids. These data
are conrmed by analyzing type-2 collagen in the CTL and MF-spheroids
by histological evaluation, by quantitative immunohistochemistry and
by ELISA. Thus, the incorporation o CTL into spheroids oster chon-
drogenic dierentiation. The mechanism underlying this biological e-
ect could be dual in nature. On the one hand, the smaller size o
spheroids associated with a looser structure may acilitate enhanced
diusion o nutrients and dierentiation actors, even reaching the
innermost cells o the core more easily and rapidly. However, the
presence o physical, mechanical and biological cues creates a specic
microenvironment through the mutual interaction o MSCs with the
surrounding matrix. This microenvironment has the potential to infu-
ence stem cells and impact cell ate determination.

The interaction between CTL and the cells acilitates the close
proximity and adhesion o cells to one another. Thereore, we are
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tempted to speculate that CTL might able to contribute to the creation o
a 3D structure by acting as a temporary niche, as previously observed or
chondro-aggregates [17], and by interacting with cell-cell and cell-ECM
adhesion molecules, as reported or chitosan [43–45]. Studies should be
carried out to analyze in detail the mechanism o cell-CTL interaction. In
this context, the involvement o cell receptors that are activated by this
interaction and that may be involved in chondrogenic dierentiation
should be analyzed.

Surprisingly, the expression o COL2A1 (as well as o SOX-9), drops
drastically at day 7, ollowed by a new growth trend with a peak at day
21 (~160 x). The low expression levels o COL1A1 and COL10A1
exclude that the downregulation o COL2A1 is due to a process o
cellular dedierentiation or cell hypertrophy. The reason or this prob-
ably lies in the phenomenon o cell necrosis, which is responsible or the
drastic reduction in the viability o the cells between day 7 and day 14
(Fig. 3a) and which is due to the increase in the size o the structures.
Cell death seems to aect mainly cells that are already dierentiated and
secrete collagen or that are already in an advanced stage o dierenti-
ation, while those that are still undierentiated are aected somewhat
less. This hypothesis is supported by the analysis o the expression o the
stemness markers NANOG and OCT4 (Fig. 5d-e). A key aspect o hMSCs
or therapeutic applications is their degree o stemness and their mul-
tilineage dierentiation capabilities. The expression o the pluripotency
markers OCT4 and NANOG has been described to infuence deeply the
sel-renewal and undierentiated state thereo [46]. In vitro 2D cultures
o MSCs reduce their capacity or sel-renewal and multipotency, which
can be improved by 3D culture methods, especially as these systems are
able to recapitulate physiological stem cell niches [47,48]. OCT-4 and
NANOG were signicantly upregulated in CTL-spheroids compared to
cells in MF-spheroids. The sel-renewal markers o both types o hMSC
spheroids showed a time-dependent increase, but CTL-spheroids
exhibited at day 4 a 12- and 9-old increase in gene expression o
NANOG and OCT4, respectively, while an average 2-old increase was
observed in MF-spheroids. Thus, it cannot be ruled out that the
improved chondrogenic dierentiation abilities o CTL-spheroids are
also due to an improvement in their dierentiation abilities. In the CTL-
spheroids, the expression level increased rom day 7 to day 21, rom ~
30 to ~2300 and ~1700-old or NANOG and OCT4, respectively
(Fig. 5d-e). This massive increase in expression alongside with the
downregulation o COL2A1 might be attributed to the presence o
cellular heterogeneity within the spheroids, i.e., populations o cells that
are asynchronous in the dierentiation process, as previously suggested.
Cell death seems to aect mainly already dierentiated cells in the
central part o the structures, and TEM images o CTL-spheroids in these
regions at day 14 show a partially degraded cell matrix associated with
the presence o necrotic cells (Fig. 8). The cell population is then
enriched with as yet undierentiated cells, most likely concentrated on
the outer surace o the spheroids, as indicated by the TEM images. The
delayed dierentiation o this cell population could potentially account
or the second peak o COL2A1 expression observed at day 21. At vari-
ance, in MF-spheroids the absence o CTL matrix results in the deposi-
tion o ew collagen bers with no banding organization, suggesting that
CTL in spheroids has a role in stimulating the deposition o mature
collagen (Fig. 9).

5. Conclusions

The ability o lactose-modied chitosan to promote cell aggregation,
particularly in primary cells, is well known. In the present work, given
the bioactive properties o this polysaccharide, we investigated its e-
ects on hMSC spheroid ormation, its interaction with cells, and its
ability to aect cell viability and chondrogenic dierentiation compared
to MF-spheroids. A 3D-cell culture platorm was constructed by coating
a culture plate with the unctional polymer. Assembly into spheroids
occurs spontaneously and appears to be related to and driven by CTL and
its close molecular interaction with cells to orm an active, natural ECM-

like network or the neighboring cells.
The experimental data highlight not only the substantial enhance-

ment o stemness and pro-chondrogenic properties in CTL-spheroids
compared to the control group but also, more importantly, the accel-
eration o the dierentiation process by a minimum o two weeks when
compared to spheroids grown through conventional methods.

The use o CTL to orm spheroids increases viability and promotes
chondrogenic dierentiation and matrix deposition in a very short time
rame, which, in terms o in vivo application, allows earlier implantation
o living and dierentiated structures, thus avoiding potentially detri-
mental eects due to dead cells on the overall outcome o cartilage
regeneration. In the eld o biomaterials, recapitulation o stem cell
niches by developing microenvironments with physiologically similar
niche properties that act on stem cell regulatory mechanisms to harness
their regenerative capacity is a key issue. From this point o view, the use
o lactose-modied chitosan as a basis or generating spheroids repre-
sents a versatile, straightorward, and unctionally advantageous tech-
nological platorm or applications in stem cell-based tissue engineering
and regenerative medicine. Such an approach has the potential to
enhance the therapeutic eectiveness o hMSCs. Future studies will be
aimed at identiying the molecular and/or biomechanical actors un-
derlying the observed biological response and activate specic signaling
pathways that may regulate cell biology as it occurs in vivo.
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[29] S. Däster, N. Amatruda, D. Calabrese, R. Ivanek, E. Turrini, R.A. Droeser, P. Zajac,
C. Fimognari, G.C. Spagnoli, G. Iezzi, V. Mele, M.G. Muraro, Induction o hypoxia
and necrosis in multicellular tumor spheroids is associated with resistance to
chemotherapy treatment, Oncotarget 8 (2016) 1725–1736, https://doi.org/
10.18632/oncotarget.13857.

[30] K. Niibe, Y. Ohori-Morita, M. Zhang, Y. Mabuchi, Y. Matsuzaki, H. Egusa,
A shaking-culture method or generating bone marrow derived mesenchymal
stromal/stem cell-spheroids with enhanced multipotency in vitro, Front. Bioeng.
Biotechnol. 8 (2020), https://doi.org/10.3389/bioe.2020.590332.

[31] M.C. Decarli, A. Seijas-Gamardo, F.L.C. Morgan, P. Wieringa, M.B. Baker, J.V.L.
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