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Recently, multipotent mesenchymal stem cells (MSCs) havetteacted much attention
in the eld of regenerative medicine due to their ability to ige rise to different cell types,
including chondrocytes. Damaged articular cartilage regais one of the most challenging
issues for regenerative medicine, due to the intrinsic liteid capability of cartilage to heal
because of its avascular nature. While surgical approachege chondral autografts and
allografts provide symptoms and function improvement onlyfor a short period, MSC
based stimulation therapies, like microfracture surgery roautologous matrix-induced
chondrogenesis demonstrate to be more effective. The use adult chondrocytes, which
are the main cellular constituent of cartilage, in medicalrpctice, is indeed limited due
to their instability in monolayer culture and dif culty to ollect donor tissue (articular
and nasal cartilage). The most recent cartilage engineegrapproaches combine cells,
biomaterial scaffold and bioactive factors to promote funtional tissue replacements.
Many recent evidences demonstrate that scaffolds providigspeci ¢ microenvironmental
conditions can promote MSCs differentiation toward a fundbnal phenotype. In the
present work, the chondrogenic potential of a new Collagenbased 3D scaffold has been
assessed in vitro, in combination with human adipose-derived MSCs which posess
a higher chondrogenic potential compared to MSCs isolatedrbm other tissues. Our
data indicate that the scaffold was able to promote the earlystages of chondrogenic
commitment and that supplementation of speci ¢ soluble fadors was able to induce the
complete differentiation of MSCs in chondrocytes as demorisated by the appearance
of cartilage distinctive markers (Sox 9, Aggrecan, Matrilil, and Collagen 1), as well
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as by the cartilage-speci ¢ Alcian Blue staining and by the equisition of typical cellular
morphology. Such evidences suggest that the investigated&ffold formulation could be
suitable for the production of medical devices that can be bee cial in the eld of articular
cartilage engineering, thus improving the ef cacy and durility of the current therapeutic

options.
Keywords: mesenchymal stem cells, 3D scaffolds, cartilage rep air, chondrogenic differentiation, regenerative
medicine

INTRODUCTION the ECM microenvironment and to avoid unwanted cell loss

(Spiller et al., 2001 To enhance the performance of these
Chondrogenesis is the biological process leading to thedtion  materials in achieving a complete restoration of functional
of hyaline, brous, and elastic cartilage. Chondrocytefjol  cartilage, a number of critical issues have to be addressed.
are the unique cellular phenotype in cartilage and di erergiat An optimal balance between physical (density, porosity,
after the condensation of MSCS0tt et al., 1999; Ghosh et al., elasticity, exibility, ability to sustain, and transmit pssure
2009, can either remain in a quiescent status to form thejpads) and biological properties (biocompatibility, absence
articular cartilage, or can proliferate, assuming a hyp@fio  of cytotoxicity and antigenicity, capable of promoting cell
morphology and undergo to the endochondral ossicationattachment, proliferation, and di erentiation) of the lling
process. In such process, the embryonic cartilaginous mddel gnaterial is mandatory for an adequate clinical translatiom a
long bones is gradually replaced by bone tissue, contriguiin  additional issues regarding isolation and manipulation dfsce
bone longitudinal growthiflackie et al., 2003 still need to be addressetfi(nguell et al., 2013; Hoch and Leach,

Within cartilage, chondrocytes are responsible for they014. The identi cation of companion chemical inducers and
secretion of extracellular matrix (ECM) molecules, such agodulators that may strengthen the innate properties of the
proteoglycans, mainly Aggrecan, which form the extra brilla pijomaterial to support and guide chondrogenesis may also be
matrix and collagens, mainly Collagen I, which form the iletr - extremely bene cial and lead to the development of complete
matrix. and e ective therapeutic strategies in orthopedic regeneeati

It is well known that damaged cartilage has poor intrinsicmedicine.
regenerative capacity, due to the peculiar nature of the ¢issu  For these reasons the development of new technological
itself, lacking blood and lymphatic networks; consequentlysolutions able to promote the restoration of chondral tissue
chondrocytes have a limited availability of oxygen and uts  structure and its functional properties represent attracting
(Lafont, 2010; Madry et al., 200 alternatives for cartilage therapy.

The current clinical approaches aimed to repair and Recently, our laboratory showed the potential of a novel
regenerate a damaged articular cartilage include ostembd  collagen/hydroxyapatite biomimetic sca old in inducing new
transplantation Chow et al., 2004; Coons and Barber, 2005 pone formation bothin vitro, in combination with human
MSC stimulation based therapies like microfracture surgeryiSCs Calabrese et al., 209)6and in vivo, after implantation
and, more recently, cell-based strategies such as aut@ogasf the empty scaold into the dorsum of miceC@alabrese
chondrocytes ©'Driscoll, 1998; Richardson et al., 19%nd et al., 2016p These studies demonstrated that collagen-
MSCs implantation (Vakitani et al., 2011; Jo et al., 2)1%he  hydroxyapatite scaold was able to commit human MSCs
use of dierentiated chondrocytes transplantation has shyportl toward osteogenic di erentiation alreadin vitro (Calabrese
shown its limitations in the functional restoration of chdral et al., 2016g in addition, the same type of sca oldn vivo,
tissue due to the scarcity of donor sites (cells can be tellec was able to recruit host MSCs and to induce these cells to
only from articular and nasal cartilage) and to the instapibf  dj erentiate toward an osteocyte-like phenotype and, henoe, t

cells grown in monolayer culture, as chondrocytes dedi ei@e  stimulate the formation of new bone tissu€dlabrese et al.,
to a broblastic phenotype enya and Shaer, 19§20n the  20160.

other hand, MSC implantation seemed to be the most reliable |n the same way, in this work, we have evaluaiedyitro,

approach for cartilage regeneration, seen recent clinicaliss, the chondrogenic di erentiation potential of a new 3D sca old
UtlllZIng the intra-articular injeCtion of MSCs for Cartm repair, main|y composed by equine type | C0||agen' in combination
which reported a signi cant reduction of pain, the restoratio with human adipose-derived MSCs which possess a higher
of tissue functionality and the regeneration of hyalineelik chondrogenic potential compared to MSCs isolated from other
cartilage (Vakitani et al., 2011; Jo et al., 2Q1Lintra-articular  tissues Calabrese et al., 20)l®ither in absence or presence of
MSCs implantation is usually performed using biocompatiblechondrogenic inducing factors. The microstructural propest
hydrogels in order to promote local cells attachment resémgbl of the proposed sca old composition resembles the chondral
tissue in term of density and elasticity but its Collagen sée
composition allow to couple its biocompatibility and biominet

Abbreviations: MSCs, Mesenchymal Stem Cells; ECM, Extracellular Matrix; . R . R .
hADSCs, Human Adipose Derived Stem Cells; DAPF.64liamidino-2- properties to a simple and inexpensive productive process

phenylindole; GAG: Glycosaminoglycans; H&E: Haematoxylin and Eosin (Deponti et al., 2014
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MATERIALS AND METHODS Isolation, Expansion and Characterization

Scaffold Structure of Human Adipose Derived Stem Cells
Human adipose derived stem cells (hADSCs) were derived from
adipose tissue biopsies/lipoaspirates supplied by Mediterranean
Institute of Oncology (IOM) (Viagrande, Italy) under an
pproved Institutional Review Board protocol (project ID code:
29 1 of 8 February 2013, IOM Institutional Review Board) and
after informed consent. Isolation from adipose tissue, exgansi
and characterization by ow cytometry analysis using selvera
MSCs surface markers of hADSCs was performed as previously
reported Calabrese et al., 2015, 2016a; Vicari et al., X0h6
addition, cells were characterized also by immunocytockami
analysis using several positive (CD105, CD90, CD73, CD211) an
negative (CD45, CD34, CD31, and GlycoforinA) MSCs surface

Cylindrical sca olds were manufactured by Fin-Ceramicarkzae
SpA (Faenza—Ravenna, Italy) starting from equine type | gefia
gel (1 wt%) supplied in aqueous acetic bu er solution (jftH
3.5) (Opocrin SpA, Modena, Italy). The collagen gel was gentl
diluted in highly puri ed water and precipitated in bers by dm
wise addition of 0.1 M NaOH solution up to the isoelectric pbin
(pH D 5.5). In order to stabilize the sca old whole structure, the
molecular links between bers was chemically optimized bipgs
1,4-butanediol diglycidyl ether (BDDGE) as crosslinkirggat.
The crosslinking reaction was achieved by 48 h-long imnoersi
of the agglomerated bers at 3C in NaHCO3/Na2CO3 (Sigma
Aldrich and Merck Millipore) bu ered aqueous solution with a

BDDGE solution ratio equals to 1 wt%. markers. ) .
The agglomerated bers were then freeze-dried with a Immunocytochemistry was performed on cells seeded in 8-

controlled freezing and heating ramp from 5 to 35 C well BD Falcon culture slides at a density of 5000 cells pér cm
and from 35 C to 25C achieving a porous 3D structure. in MSC-GM (Lonza, BgseI,Switze_rIand).The primaryincubatio
The process was carried out over a period of 25 h undeyas performed, overnight at €, with the following anti-human

vacuum conditions® D 0.29 mbar). Sca old was then reshapedamibOdies: mouse CD105 (1:50, Novus Biologicgls, Litleto
in cylinders of required diameters and height for physicalco’ USA), mouse CD90 (1:50, Santa Cruz Biotechnology,

characterization (@ 10-18 mm, D 4 mm),in vitro andinvivo ~ D2llas, TX, USA), mouse CD73 (1:25, Novus Biologicals),
analysis (@ 8 mm, hD 5 mm). Sca olds were gamma-sterilized mouse CD271 (1:100, Santa Cruz Biotechnology), rabbit CD45
at 25 kGy (1:100, Epitomics, Burlingame, CA, USA), rabbit CD34 (1:100,

Sca olds were characterized in porosity, swelling behawidr a Epitomics), mouse (?D31 (1:1(,)0' Santa Cruz Biotechpologyﬂ), a
material density. goat polyclonal anti Glycoforin A (1:100, Novus Biologicals)

The morphological and microstructural analysis was execute’é‘cter (\;vash’i\r;g, sléllides were dir;cubate_(; év.ith tthe _? pprqpriate
by Scanning Electron Microscopy (SEM) performed on a SEnmSecondary AlexaFluor 568 and 488 antibo les (Life Tectyiedo

LEO 438 VP (Carl Zeiss AG, Oberkochen, Germany). Thétalia, Monza, Italy) at the dilution of 1:2000 for 1 h at RT. &ei

samples were sputter-coated with gold prior to examination. 3" counte_rst?linec:_(\;vith DAPI (4‘,6-di3midino-2-phen;di_uie,
SEM micrographs were analyzed by image J software. The me%pro_,oooy Finally, slides were m_oun_te In Uorescent nong
edium Perma uor (Thermo Scienti ¢, Waltham, MA, USA)

pore diameter was calculated as average of the major and minB¥

axes of the ellipse representing pores cross-section. A o2l and digital images were acguwed using a Leica DMI40008
pores were analyzed obtaining a mean value of &1 micron. uorescence microscope (Leica, Wetzlar, Germany). Control

The swelling capacity of the material was evaluated on off immunostaining speci city was performed by omitting the

cylindrical sca olds (gD 10 mm, hD 4 mm) of cartilage-like primary antibody.

composition. Dry sca olds were soaked at room temperature Fo_r /OW cytomgtry arllalé/s@s, cells were Otzetarl,‘lh/edbwith 0.05%
in PBS (Alchimia) until stabilization of sca old dimensionag ~UYPSIVVEDTA and washed in PBS. 1 10" cells/tube were

reached. The swelling was then determined as percent ireieas stained with the following antibodigs: CD45 FITC (Clone J,33)
both dimensions and evaluating the weight increase as itbestr CD34 PE (Clone 581), Glycophorin A PE (Clone 11E4B-7-6),

by Ma et al. (2003)Outlier values (Huber test) were deleted fromCD73 PE (Clone 581), CD90 FITC (Clone F15.42.1.5), CD105
the data analysis. PE (Clone 1G2), CD31PE (Clone 1F11), CD271 FITC (Clone

The density and porosity of the collagen-based sca old WerMEZO'A"%'H‘l) a“‘?' (;:.orrgspondirllg isc.)ltjyr()ji.c controls accarding
evaluated with a glass pycnometer full of highly puri ed watar ]EO manu Ecturer ml |cat|op|s. A ?m' odies were purr]c ase
20 sca olds @l D 18 mm;h D 4 mm) (She et al., 2007 rom Beckman Coulter (Milano,ltaly), except CD271 that was

The porosity of the sca olds was then evaluated using théprOViched t_)y Miltenyi Biotec _(Bologna, ltaly). All tubes were
average value of the densities obtained and the geometrionen incubated in the dark for 20 min at room temperature. Cellsaver

of the sca olds. thgn washed with PBS and nally analyzed by ow cytometry
using an FC-500 ve-color ow cytometer (Beckman Coulter,
Pasadena, CA, USA). For each tube, 1000 events were acquired.

0D1 (Ml1=Vgyr @) CXP Analysis software (Beckman Coulter, Inc.) was used fiar da
analysis.
where:
M1 D Mass of collagen sca old
Vg D Geometric Volume of the sca old (cylinder) hADSC Chondrogenic Differentiation
rr D mean value density hADSC chondrogenic di erentiation was achieved as previpusl
Samples have been tested in triplicate. described Calabrese et al., 2015Briey, 2.5 1P cells
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were centrifuged to form a three-dimensional aggregate anBlue staining (Panreac, Castellar del Valles, Barcellonan)Spa
resuspended in complete chondrogenic medium containing-or the staining an Alcian Blue solution was prepared accardin
di erentiation basal medium (Chondrogenic Basal Medium,to manufactured protocol. Slides were rst depara nised in
Lonza) supplemented with chondrogenic dierentiation xylene and re-hydrated through passages in alcoholic swisti
inducing factors (hMSC Chondrogenic SingleQuots contagnin and, then, stained in Alcian Blue solution for 30 min. After
Dexamethasone, Ascorbate, @S&upplement, GA-1000 Sodium incubation the staining solution was removed and the cudtur
Pyruvate, Proline and L-Glutamine, Lonza) and T8%&(Lonza). slides washed to get rid of excessive color. Slides were tedun
Pellets were incubated at 37 in a humidi ed atmosphere of and examined under light microscope.

5% CQ. The growth medium was replaced every 2-3 days. The

chondrogenic di erentiation was completed on day 28 afterStatistical Analysis

induction. Pellets were xed in formalin at three di erentrtie  Cell count analysis has been performed using Fiji image
points along di erentiation (1, 2, and 4 weeks). Subsequentlyrecognition software.

pellets were para n embedded and cut intorim-thick sections Data were analyzed as percentage of positive cells on total
for immunohistological processing. number of DAPI stained cells. Di erences between experimental

] ] ) groups in histological data were evaluated by using two-way
Immunohistochemical Analysis of Pellets ANOVA for culture condition (sca old in expansion medium,

After depara nization and rehydration, sections were scaold in chondrogenic medium o pellet di erentiation) and
permeabilized with 0.4% Triton-X100, blocked with 4%timepoint (1, 2, and 4 weeks) for each of the assessed molecula
BSA and then incubated overnight at@ with the following  endpoint (Sox9, Matrilin 1, Collagen I, and Aggrecan) felted
rabbit polyclonal primary antibodies: anti-Aggrecan (1:150 by Tukey's HSbost-hodest. For all experiments,R< 0.05 was
anti-Matrilin-1 (1:200), anti-Sox9 (1:200), anti-type lbagen  considered signi cant. All analyses were performed by mesins
Il (1:200), all purchased from LSBio (Seattle, WA, USA). Th&ystat (Systat Software, USA).

following day, sections were incubated for 1 h at RT with the

Alexa Fluor anti-rabbit 568 secondary antibodies (1:200f& IIQESULTS

Technologies). Then slides were counterstained with DAP

(1:10,000) and mounted with Perma uor (Thermo Scienti c). Scaffold Fabrication and Characterization

Control of immunostaining specicity was performed by The morphological and microstructural analyses of sca olds

omitting the primary antibody. were performed by SEM. The sca olds images displayed porosity
. . .. distribution from 16 to 180mm, with larger channel (excluded

hADSC Chondrogenic Differentiation on from the analysis). ? (

Scaffolds SEM images of the cartilage layer are displaye&igure 1

hADSC chondrogenic di erentiation on sca olds was performed with di erent magni cation, 30x (Figure 1A), 50x Figure 1B),

as previously describe@@labrese et al., 20)68riey, 2 16f  and 150x Figure 10.

hADSCs at passage 3 were slowly drip seeded onto the sca old The cartilage-like layer shows a high level of porosity with
and incubated in 24-well culture plates for 4 h at 8 ADSC-  three-dimensional interconnected pores without any prefiéies

GM medium (2 ml) (Lonza, Basel, Switzerland) was added andlignment of the collagen bers. This kind of structures daelp

24 h later (day 0) the medium was replaced with chondrogenic othe cells function and guide it during their proliferation.
expansion medium. Both media were completely replaced twice A qualitative analysis of the pores distribution has been
a week. Each sca old was analyzed on week 1, 2, 4, and 8 affsrformed, and it revealed a higher pores frequency, about the

chondrogenic induction. 65%, from 40 to 10ém (Figure 1D).

. . . . Change of material structure was evaluated by swelling test
Histological and Immunohistochemical Each scaold was weighed before and after the use of PBS
Analysis on hADSCs-Scaffold solution to soak the sca old. Swelling test clearly demonstiat

Scaolds seeded with hADSC were xed in 4% PFA at thehat sca olds are highly hydrophilic reaching the steady etat
di erent time points analyzed (1, 2, 4, and 8 weeks), dehydfate in less than 1 min. The amount of PBS absorbed has been
embedded in para n and cut into 3nm-thick sections. Sections measured to evaluate the collagen sca old ability to preserve
were mounted on slides and processed for immunohistochdmicéiquid attributed to the maintenance of the three-dimensabn
staining as above reported, using the same rabbit polyclonatructure. The absorption capability of the collagen sca old
primary antibodies: anti-Matrilin 1 (1:200, LSBio), antggrecan resulted 2086 238%.

(1:150, LSBio), anti-Sox 9 (1:200, LSBio) and anti-Colldgen  Both diameter and thickness of the scaold signi cantly
(1:200, LSBio). The following day, sections were incublatetlh  increased after swellingrigure 1E). The change in thickness (27
at RT with the Alexa Fluor anti-rabbit 568 secondary antitesd 9%) was much higher than in diameter (61%).

(1:2000, Life Technologies lItalia, Monza, Italy). Thenedid  The porosity of the cartilage in the biomaterial is crucial
were counterstained with DAPI and mounted with Perma uor. to assure the cell colonization through the whole sca old.
Control of immunostaining specicity was performed by This parameter is related to the density of the biomaterial
omitting the primary antibody. Alternate sections were alsoforming the sca olds. The importance of the cell colonization
labeled with Haematoxylin and Eosin (H&E) and with Alcian directly in uences sca olds biocompatibility and cell adaptat
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FIGURE 1 | SEM images of collagen scaffold at (A)  30x, (B) 50x, and (C) 150x magni cations. (D) Graphical representation of pore sizenim) frequency
throughout the scaffold. (E) Graphical representation of collagen scaffold swelling evior relative to the modi cation of diameter and thicknessfter soaking in PBS
solution. Blue columns, dry samples before soaking; red caimns, wet samples after soaking.

toward the sca old. The evaluation of the sca olds porosity wasof hADSCs with the collagen-based scaold, as shown by
determined using the medium of the densities obtained tlylou haematoxylin and eosin (H&E) stainingrigure 3) that reveals
a glass pycnometer and the geometric volume of the cylintricghe ability of cells to penetrate, adhere and proliferate into
shaped scaolds. Applying the reported formula the densitythe scaold. In particular, hADSCs loaded onto the sca old
found is 0.89 0.22 g/cm giving a porosity of 95.79 0.29%. were con ned only on the surface during the rst 2 weeks
(Figures 3A-D), then, cells started to invade also the inner
hADSCs Phenotypic Characterization part of the sca old, penetrating deeply insid€igures 3E—H.
All the experiments have been conducted with MSCs isolate@his was observed in both experimental culture conditionishw
from adipose tissue, and characterized by immunocytochteynis expansion mediumKigures 3A,C,E,G and with chondrogenic
(Figure 2A) and ow cytometry (Figure 2B) analysis using medium (Figures 3B,D,F,H, although a signi cant di erence
several MSCs surface markers. Three di erent hADSC lines wettween the two experimental conditions was noted, in terins o
used to study the expression of typically positive (CD73, CD9@ellularity and extracellular matrix quality. In fact H&E stang
CD105, CD271) and negative (CD31, CD34, CD45, glycoforinevealed not only the biocompatibility but also the di ereritia
A) surface markers of stemness. In both analysis, all cedklin proliferative and di erentiation potential of the sca old in the
presented a strong positivity for CD73, CD90, CD105, andwo di erent experimental conditions. Speci cally, in expansio
CD271, while no signal was detected for CD31, CD34, CD45, andedium, at 1 week, cells are few and still con ned on the

glycoforin A (Figure 2). surface of the scaold, over the time, from 1 to 4 weeks,
cells proliferate and migrate inside the scaold, the scaold
Biocompatibility and Chondrogenic results wrapped by a layer of spindled to stellate broblase-lik
Potential of the Collagen Scaffold vs. cells that progressively invade the innermost part of materia
hADSCs (Figures 3A,C,E,3. Anyway, at 4 weeks cells begin to appear

Firstly, we wanted to evaluate tirevitro biological performance SU €ring (Figure 3B, and, surprisingly, cellular necrosis and
of a novel 3D porous sca old, in terms of biocompatibility and '€gressive phenomena occurred at 8 weéigie 3G), as better
ability to support hADSCs to di erentiate toward a chondrocyte Shown in the squared image at higher magni catidfigure 3G
phenotype. square).

We have already demonstrated that hADSCs and bone- On the other hand, in presence of chondrogenic inducing
like scaold have a high biocompatibility(alabrese et al., factors (chondro medium) the increase in cellularity fromstr
20169. In this work, we found the same high biocompatibility to eighth week is much more evident if compared with the
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FIGURE 2 | Immuno uorescent (A) and ow cytometry analyses (B) of negative (CD31, CD34, CD45, and GlycoforinA) and posieMCD73, CD90, CD105, and
CD271) mesenchymal stem cells surface markers (red and greestains). Nuclei are labeled in blue. Power magni cation: 2@ Scale bar: 100 mm.

same samples without inducing factors (expansion medium)petween the samples in expansion mediufig(res 4A,C.E,G
In particular, starting from the second weelFigure 3D) it and the samples in chondrogenic mediutffigures 4B,D,F,H,
is also quite evident that the extracellular matrix assumes & terms of extracellular matrix nature. In expansion medium
chondromyxoid-like feature which progressively increaggs the blue staining did not reveal any chondromyxoid-like unag,
to 8 weeks Figures 3F,H. In fact, MSCs start to go toward whereas the presence of bioactive factors in the culture unedi
condensation and di erentiate in chondrocytes. The di erentlead to the deposition of an extracellular matrix, starting to
nature of the cells is better highlighted in the images ahbig be visible already at 1 week, in which spindled and stellate
magni cation (Figures 31-L) showing spindled and stellate cells mesenchymal cells are still preseriigures 4B,). From the
during the rst 2 weeksFigures 31,J). At 4 weeks the presence of second week the amount of extracellular matrix deposition is
pericellular lacunae (arrows) resembling chondrocytespb®  bigger Figure 4D) and become more and more consistent at
quite clear Figure 3K). At 8 weeks the chondromyxoid-like 4 (Figure 4FH and 8 weeks Kigure 4H), where chondrocyte-
nature of the extracellular matrix, typical of cartilagestie, like mesenchymal cellsFigures4J,H are embedded in a
with bigger and more numerous pericellular lacunae, is gjtgn chondromyxoid-like matrix, presenting the typical cartigag
evident Figure 3L). pericellular lacunae, strongly evident in the higher magaiion
These observations were strongly con rmed by the AlciarFigure 4L The intense Alcian Blue staining conrms the
Blue staining Figure 4) that highlighted a striking di erence cartilage-like nature of the neo-formed tissue.
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FIGURE 3 | (A) Haematoxylin-Eosin staining of hADSC cultured on scaffosdeither in absence (expansion medium) or presence (chondmedium) of chondrogenic
inducing factors in culture media, after 1(A,B), 2 (C,D), 4 (E,F), and 8 (G,H) weeks of growth in culture, magni cation 20x.(I-L) higher power magni cations of the
squared area, respectively, iB,D,F,H). The arrows in(K) indicate the presence of pericellular lacunae resemblinghondrocytes.

S ic Di iati second weeks a more evident uorescent signals is present on
hADSCs Chondrogenic Differentiation d week d | |
Performance of Scaffold and Conditioning in the pellet Figures 5B,E,H, at 4 weeks a further increase is
Medium clearly visible in the pellefigure 50, while the sca old samples

éshow a slight augment of Sox9 marked nuclei in both cond#ion

In order to assess the chondro-inductive character of th A . . .
although in chondro mediumFKigure 5F such increase results

scaold in combination with the bioactive factors, we deade . ) L.
to compare the performance of the reference protocol de nedughercompared tothe expansion mediuffigure SI).

by the inductive media manufacturer with the ones achiegabl In gccordange with .Sox9, Type-ll Collagen
by culturing of hADSCs on the collagen based 3D sca oldmmunohistochemical analysis shows a very —weak

in both absence (expansion medium) or presence (chondrgi@ining during the rst two weeks in all three conditions
medium) of chondrogenic factors. At this aim we performed(Figures 5J,K,M,N,P,Q, although slightly more evident in the

immunohistochemical analysis using markers typical of€llet Figures 5JH, whereas, starting from 4 weeks a more

chondrogenic di erentiation, including Sox9, type-Il Colle, ~robust and extended signal becomes visible, although itltes

Aggrecan and Matrilin-1. signi cantly higher in the pellet and in the sca old samples in
Sox9 is a transcription factors that controls the expressioRrésence of inducing factors-igures SL,Q, compared to the

of type Il Collagen and Aggrecan and has a crucial role irffca old without bioactive factorsHigure 5R).

chondrogenesisHi et al., 1999 The immunohistochemical Aggrecan immunohistochemical analysis shows a protein

analysis of Sox9 shows only few labeled nuclei during the rsexpression pattern comparable to that of Type-ll Collagen.

week in all experimental conditiong=igures 5A,D,Q, at the Speci cally, immunohistochemistry for Aggrecan reveals@sin
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FIGURE 4 | Alcian Blue staining of hADSC cultured on scaffolds either in absence (expansion medium) or presence (chondro medi um) of
chondrogenic inducing factors in culture media, after 1 (A,B) , 2 (C,D), 4 (E,F), and 8 (G,H) weeks of growth in culture, magni cation 20x. (I-L) higher power
magni cations of the squared area shown, respectively, ir{B,D,F,H). The arrows in(K) indicate the presence of pericellular lacunae resemblinghondrocytes.

no signal during the rst 2 weeks in both experimental condits 4 weeks Eigures 6K,L,N,Q, even if always a little higher in the

of the sca old samplesKigures 6D,E,G,H, while in the pellet pellet.

is already present a visible uorescence at 1 wdegure 6A) Results indicate that statistically signi cant di erences in

that becomes a little higher a 2 weelkSgure 6B); at 4 weeks markers expression exist between all the di erentiation noelh

the pellet uorescent staining is very strongigure 6C). At 4  assesseg& 0.001), as graphically presentedrigures 5X 6X.

weeks in sca old, a modest uorescent labeling is present in

expansion mediumHKigure 6l), while a quite stronger staining

appears in chondrogenic mediunfrigure 6F. Aggrecan is the DISCUSSION

principal proteoglycan (GAG) present in the ECM and forms,

along with type-II collagen, the main structural element bét During life, hyaline cartilage of articular joints is constgn

cartilage. As far as type-Il Collagen, Aggrecan at 4 weeksmi®s exposed to several static and dynamic compression loads due

a lamentous appearancéigures 6C,F). to both normal activities, such as stair climbingddge et al.,
Matrilin-1 results very weakly expressed during the rst1986, and traumatic events. Such continuous stresses lead to

4 weeks of scaold cultures in absence of dierentiationa progressive degeneration of the cartilage with consequent

inducing factors Figures 6P—RB. Conversely, in presence of pain, swelling, loss of function and, nally, osteoarthritier

chondrogenic inducing factors, already at 1 week a modgetsi  degenerative joint disease) that represents the most common

was visible Figures 6L,Q both in pellet and sca old samples musculoskeletal disordedgckson et al., 201

(Figures 6J,N). Over time, the intensity and the extent of the  Still, cartilage healing remains a challenge mainly bexaus

uorescent staining gradually increases until to be vergisty at  of its avascular nature. Several approaches aimed to restore
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FIGURE 5 | Immuno uorescent analysis of representative chond rogenic markers: (A-l) Sox9, (J-R) type Il Collagen, performed on hADSCs and hADSCs
cultured on scaffolds either in expansior{G-I,P—R)or in chondrogenic (A—F,J-O) medium, at different time points (1, 2, and 4 weeks), magni céion 20x. (X) Average
cellular positivity for chondrogenic markers in both expasion (dark bars) and chondrogenic medium (dark and medium bra). Percentage of Sox9 and Collagen (X)
are calculated on the total number of DAPI stained cells in thinvestigated elds. Two-way ANOVA p values are reported. Sybols above bars indicate statistically
signi cant differences < 0.05) in the Tukey HSDpost-hoc tests: 1 indicates differences with the 1 week group (same maium), 2 indicates differences with the 2
weeks group (same medium), 3 indicates differences with thé weeks group (same medium), 4 indicates differences with 818 weeks group (same medium), *
indicates differences with scaffold expansion medium grqu (same time-points), # indicates differences with scaffdlchondrogenic medium group (same timepoints)
and % indicates differences with pellet group (same timepots). Average cellular positivity for chondrogenic markerat 2 (dark bars) and 4 weeks (light bars). Three
independently isolated hADSC samples have been used for eadime-point.

injured cartilage, have been pursued by researchers and While various studies have shown the capability of MSCs
clinicians. Among these, cell-based strategies have prdvidderived from di erent tissues to generate cartilagéakahara
some encouraging clinical result®'Qriscoll, 1998; Richardson et al., 1990; Arufe et al., 2010; Oldershaw, »08@ne marrow

et al., 1999; Wakitani et al., 2011; Jo et al., pCdlthough, the and adipose tissue are considered the most attractive sources
major drawback of such approach is the failure in generating &r therapeutic use of MSCs in cartilage repair and regeneratio
three-dimensional tissue having characteristics sintbamative (Somoza et al., 20).4However, bone marrow-derived MSCs
cartilage concerning quality and stabilityi(atier et al., 2009a  have an intrinsic endochondral ossi cation potential, detely
Newer tissue engineering strategies are focusing in dgwvegjo higher than that of ADSCs\(ehlhorn et al., 2006; Diekman et al.,
new chondro-inductive biomaterials capable of inducing a2010), leading to the development of a hypertrophic chondrocyte
complete healing of cartilage lesions in combination withphenotype {ohnstone etal., 1998; Scotti et al., JDddich is not
chondrogenic bioactive growth factors. appropriate for articular cartilage repair.
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FIGURE 6 | Immuno uorescent analysis of representative chond rogenic markers: (A-l) Aggrecan, (J-R) Matrilin, performed on hADSCs and hADSCs
cultured on scaffolds either in expansior{G-I,P—R)or in chondrogenic (A-F,J-O) medium, at different time points (1, 2, and 4 weeks), magni céion 20x. (X) Average
cellular positivity for chondrogenic markers in both expasion (dark bars) and chondrogenic medium (dark and medium ba). Percentage of Aggrecan and MatrilitfX)
are calculated on the total number of DAPI stained cells in thinvestigated elds. Two-way ANOVA p values are reported. Sybols above bars indicate statistically
signi cant differences p < 0.05) in the Tukey HSDpost-hoc tests: 1 indicates differences with the 1 week group (same mdium), 2 indicates differences with the 2
weeks group (same medium), 3 indicates differences with thé weeks group (same medium), 4 indicates differences with 8 weeks group (same medium), *
indicates differences with scaffold expansion medium grqu (same time-points), # indicates differences with scaffdlchondrogenic medium group (same timepoints)
and % indicates differences with pellet group (same timepots). Average cellular positivity for chondrogenic markerat 2 (dark bars) and 4 weeks (light bars). Three
independently isolated hADSC samples have been used for eadime-point.

Recently, it has been reported that MSCs expressing CD10BADSC) and chondrogenic di erentiation inducing soluble
CD29 (Rada et al., 2011; Fan et al., 20l1& well as CD271 factors as a potential tool for cartilage regeneration.
(Calabrese et al., 20)revealed a greater chondrogenic potential Several types of sca old, both of synthetic and natural origin
compared to other MSC subpopulations, including those derivettave been already reported in literature as suitable tool for
from bone marrow Calabrese et al., 20l3oreover, CD271- cartilage engineering/natier et al., 2007, 2009b; Zeugolis et al.,
positive MSCs exhibited the highest level of type Il collage008; Eglin et al., 2010; Solorio et al., 2013; Dahlin e2@14;
and Aggrecan, after chondrogenic inductiohlgkahara et al.,, Tsai et al., 2015; He et al., 2016; Hung et al., 2016; Raftery
1990. et al., 2015 A sca old is a three-dimensional structure capable
Here we propose a novel combination of a collagen baset support cell colonization, proliferation, and di erentiain
3D sca old, CD271-positive MSCs, isolated from adipose tissuef appropriate cells. Stimuli mimicking thé vivo cartilage
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environment are needed for pushing cells to di erentiate intolineage speci ¢ markers, although in less extent and in latee
mature chondrocytes. compared to the samples grown in chondrogenic medium. On
We have recently demonstrated that a collagenthe other hand, H&E and Alcian Blue stainings have shown not
hydroxyapatite sca old is able to commit human MSCs towardonly the absence of a chondromyxoid-like ECM in expansion
osteogenic di erentiationjn vitro (Calabrese et al., 20)6and  medium, but also that at 4 weeks cells became su ering and
in vivo (Calabrese et al., 2016lAccordingly, in this study, we underwentto cellular necrosis and regressive phenomenacéjen
have evaluated the ability of a novel sca old composition, toour hypothesis is that, in absence of bioactive factors, the
induce hADSCs to di erentiate into chondrocytes, vitro and  sca old can promote an initial hADSCs di erentiation into egrl
compared the di erentiation potential of hADSCs seeded onchondrocyte precursors, which begin to express chondrogenic
sca old and in cellular pellet. markers; but, afterwards, the sca old alone is not able toelri
Chondrogenic di erentiation of condensed cellular pellet isa complete chondrogenic di erentiation, leading cells to death
de ned as a standard protocol for thia vitro commitment of On the other hand, the addition of chondro-inductive facsor
MSC toward chondrogenic lineage using the above speci etb the culture medium (chondro medium samples) signi cantly
conditioning medium (see Materials and Methods section)speeded up the dierentiation process, as suggested by the
The chondrogenic potential of this procedure has been usestronger and earlier chondrogenic marker expression. Morgeove
as benchmark to evaluate di erentiation potential of hADSCthe H&E and Alcian blue stainings revealed not only an insgea
cultured in collagen based sca old both in presence and atessenin cellularity but also the production of an ECM having a
of the conditioning medium. The chondrogenic di erentiatio chondromyxoid-like nature. Moreover, cells embedded in the
was evaluated by immuno uorescent analysis of speci c tzagé ECM are surrounded by pericellular lacunae, strongly redemghb
markers. In particular, (i) Sox9, a transcription factor playi chondrocytes of mature cartilage.
a crucial role in chondrogenesis, which controls the expoess In conclusion, the data presented in this work demonstrated
of type Il Collagen and Aggrecan; (ii) type-Il Collagen, thatthat hADSCs could represent a source of election of MSCs
is the core of articular and hyaline cartilage, it forms lsri to use in cartilage tissue engineering applications, due to
and represent more than 50% of all protein and about theheir easy harvest and chondrogenic potentiab(abrese et al.,
unique type of collagen in articular cartilage; (iii) Aggae¢ 2015. Moreover, the collagen scaold used showed a high
that forms, together with type-Il Collagen, a major strualr biocompatibility with hADSCs. Thén vitro data showed that
component of cartilage, and represents the major proteoglytan the biomaterial composing the sca old possesses the intrinsic
the articular cartilage; (iv) Matrilin-1, which is a proteinvolved  property of promoting an initial chondrogenic di erentiationfo
in the formation of lamentous networks in the cartilage ECM hADSCs, even if not su cient to lead to the complete hADSC
interacting with both type-Il Collagen and Aggrecan intheMC di erentiation into chondrocytes. However, the combinati@f
All the markers used have shown their highest expressioneat ttsca old with bioactive factors strongly accelerates the psece
last time point studied of hAADSCs chondrogenic di erentiatio leading to the formation of a new-formed tissue strongly
(4 weeks). Results indicate that statistically signi cargmtnces resembling cartilage.
in markers expression exist between all the dierentiation Hence, the present work suggests that the combination
methods assesseg € 0.001). In particular is clearly evident of hADSCs, collagen biomaterial and chondrogenic inducing
that when hADSC are cultured on sca old the percentage ofactors, could represent a promising tool to be used in
SOX9 and Matrilin positive cells is signi cantly higher afte  tissue engineering for restoration and regeneration of dgeau
week of di erentiation both in presence or absence of solublarticular cartilage.
factors. When conditioning factor are not present the augteen
expression of chondral markers observed in scaold culture
cells decrease with time, with cells di erentiated in peltetwing
a comparable (Collagen Il and Matrilin-1) or signi cantly
augmented (SOX9 and Matrilin-1) protein expression. In altnos
every time point investigated, cells cultured on 3D scaold in
presence of conditioning medium exhibit a signi cantly high
expression of all the chondral markers observed suggesti
that hADSC are committed faster than in the other culturing
conditions.
In our model, the sca old is composed principally by type-
I Collagen. Importantly, the sca old biomaterial has shown a
high biocompatibility, de ned as the ability to support hostice AUTHOR CONTRIBUTIONS
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