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ABSTRACT

Costs associated with degenerative inflammatory conditions of articular cartilage are exponentially in-
creasing in theagingpopulation, andevidenceshowsastrong clinical need for innovative therapies. Stem
cell-based therapies represent a promising strategy for the treatment of innumerable diseases. Their re-
generative potential is undeniable, and it has been widely exploited in many tissue-engineering ap-
proaches, especially for bone and cartilage repair. Their immune-modulatory capacities in particular
make stemcell-based therapeutics anattractiveoption for treating inflammatorydiseases.However, be-
cause of their great plasticity, mesenchymal stem cells (MSCs) are susceptible to different external fac-
tors. Biomaterials capable of concurrently providing physical support to cells while acting as synthetic
extracellular matrix have been established as a valuable strategy in cartilage repair. Here we propose
a chondroitin sulfate-based biomimetic scaffold that recapitulates the physicochemical features of the
chondrogenic niche and retainsMSC immunosuppressive potential in vitro, either in response to a proin-
flammatorycytokineor in thepresenceof stimulatedperipheralbloodmononuclear cells. Inbothcases, a
significant increase in the production ofmolecules associatedwith immunosuppression (nitric oxide and
prostaglandins), as well as in the expression of their inducible enzymes (iNos, Pges, Cox-2, and Tgf-b).
When implanted subcutaneously in rats, our scaffold revealed a reduced infiltration of leukocytes at
24 hours, which correlated with a greater upregulation of genes involved in inflammatory cell apoptotic
processes. Insupportof itseffectiveuse intissue-engineeringapplicationsofcartilagerepair, thepotential
of the proposed platform to drive chondrogenic and osteogenic differentiation of MSC was
also proven. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1–13

SIGNIFICANCE

Recently, increasing clinical evidence has highlighted the important role of proinflammatorymediators
and infiltrating inflammatory cell populations inducing chronic inflammation and diseases in damaged
cartilage. This work should be of broad interest because it proposes an implantable biomimetic mate-
rial, which holds the promise for a variety of medical conditions that necessitate the functional resto-
ration of damaged cartilage tissue (such as trauma, diseases, deformities, or cancer).

INTRODUCTION

Articularcartilagedamage isan increasinglyrelevant
problem, further enhanced with the aging popula-
tion. In the U.S., 70 million adults have arthritis-
related conditions; this leads to increasing annual
costs, which are estimated to reach $100 billion
by 2020 [1, 2]. Restorative treatments to achieve
biological repair remain a challenge [3]. Surgical
intervention is reserved for patients with se-
vere degenerative diseases and those in whom
pharmacologic and lifestyle interventions fail;
such patients usually require total joint replace-
mentwith articular prosthesis [4–7]. The idea of

artificial cartilage has become greatly attractive
because of the lack of grafts and the high demand

for such a product in clinical practice [8]. Regen-

erative medicine could point the way toward an

innovative solution. A foundational principle of

regenerative medicine is creating an environ-

ment where progenitor cells are able to develop

functional tissue in order to replace those lost

because of traumas or diseases [9]. Many regen-

erative medicine strategies use biomaterials to

providemechanical stability and support cell adhe-

sion and migration [10]. Aside from these proper-

ties, a regenerative biomaterial should also fulfill
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multiple other requirements, includingmodulation of the initial in-
flammatory response to injury. The immune reaction to a bioma-
terial implant begins with an acute inflammatory response with
innate recognition of foreign materials, which can eventually lead
to the rejectionof the implant [11]or induceadditional tissuedam-
age [12]. In both cases, chronic inflammation impedes the natural
repair processes led by local progenitor and mature cells.

The development of strategies that harness the beneficial as-
pects of the immune response while limiting their potential del-
eterious effects enhances tissue regeneration, especially in those
tissues, such as cartilage, in which the process of regeneration re-
mains challenging [13]. In particular, when cartilage is damaged,
its avascularity prevents the cascade that occurs in normal tissue
and the dense extracellular matrix (ECM) impairs the migration
capacity of the resident chondrocytes [14–16]. These are the
two major limitations to the cartilage regeneration. Within carti-
lage ECM, collagen is themost abundant protein component [17],
and it has been used as a natural biomaterial for different tissue-
engineering applications [6, 18–24].

The other major component of cartilage is representedmainly
byaggrecan, a largeproteoglycan composedofmanyglycosamino-
glycans [25]. Among these, chondroitin sulfate (CS) is one of the
most represented [26]. Proteoglycans play a crucial role in inter-
cellular communications that regulate important physiological
processes, including growth factor retention, cellular adhesion/
proliferation support, differentiation induction, and provision
of mechanical properties [27, 28]. Because of its intrinsic stability
and low immunogenicity in comparison with most ECM proteins,
aggrecan (specifically CS) plays an important role in inflammation
and immunity [29–36]. Both in vitro and in vivo studies have
shown that CS itself regulates the formation of new cartilage
by stimulating the chondrocyte synthesis of collagen, proteogly-
cans, and hyaluronan [37, 38].

Altogether, these features make CS a material of choice for
cartilage tissue engineering [28, 39]. To date, CS has been immo-
bilized onto different surfaces to exploit its role in recreating the
chondrogenic niche in vitro, and potentially in vivo [40–42]. De-
spite the advancements in material development, the immuno-
suppressive potential of this biomimetic material have not
been investigated in depth. Understanding the capability of a bio-
material to support adhesion, proliferation, and differentiation of
progenitor cells is crucial to restore functional tissue.

This applies particularly to mesenchymal stem cells (MSCs),
which contribute to tissue homeostasis via release of bioactive
molecules at sites of tissue damage. MSC secrete trophic factors
that act as anti-inflammatory immune modulators [43, 44], thus
enhancing tissue repair [45]. MSCs exhibit multipotent capability
[46] and have been extensively investigated in regenerativemed-
icineapplications [47–49], aswell as in combinationwith scaffolds
[50]. Despite extensive research on cartilage tissue engineering,
few products have been translated to clinical practice, and an ef-
fective engineered clinical therapy is lacking [18].

In this study, we propose a collagen-based scaffold function-
alized with CS tomimic the chondrogenic niche whilemodulating
inflammation. In addition to describing the proposed material in
terms of composition, swelling, degradation, and mechanical
properties, we evaluated the effect of our biomaterial to support
the capability ofMSCs to exert therapeutic effects,with particular
emphasis on their potential to actively respond to an inflamma-
tory environment [51]. Using rat bone marrow-derived MSCs as
surrogate local progenitor cells, we investigated the influence

of a chondrogenic environment in retaining the immunosuppres-
sive potential of MSCs, either in response to a proinflammatory
cytokine (tumor necrosis factor-a [TNF-a]) or in the presence
of stimulated peripheral blood mononuclear cells (PBMCs).

Weconfirmed the capability ofCS crosslinkedontoacollagen-
based scaffold (CSCL) to reduce inflammation in vivo by evaluat-
ing lymphocytic infiltration upon subcutaneous implantation in
rodents.We also assessed the potential of the proposed platform
to drive chondrogenic and osteogenic differentiation of MSCs.

MATERIALS AND METHODS

Scaffold Preparation

Collagen scaffolds were fabricated with the freeze-dry technique
previously reported. Briefly, weprepared anacetic collagen slurry
(40mg/ml),whichwasprecipitated to apHof 5.5withNaOH (1.67
mM). The slurry was wet crosslinked in an aqueous solution of
1,4-butanediol diglycidyl ether (2.5 mM) at 4°C for 24 hours.
Finally, the slurry was washed with Milli-Q water scaffolds
(EMD Millipore, Darmstadt, Germany, http://www.emdmillipore.
com) and prepared through a freeze-drying process. Chondroitin
sulfate (Carbosynth, Berkshire, U.K., http://www.carbosynth.
com/) was added to the collagen solution at a weight molar ratio
of 10:1 (CL:CS). After thorough mixing, the final slurry was poured
onto a 24-well plate and freeze-dried. CSCL was crosslinked for 4
hours at 37°C by using 50 mM 2-(N-morpholino)ethanesulfonic
acid, 5 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), and5mMN-hydroxysuccinimide. CSCL scaffoldswere then
rinsed twice for 1 hour with 0.1 M disodium phosphate and 6
times for 24 hours with 2 M sodium chloride; finally, they were
rinsedwith distilledwater to remove residual EDC. Scaffoldswere
air-dried and sterilized by ultraviolet irradiation for 4 hours under
a laminar flow hood.

Scaffold Characterization

Scaffolds were dehydrated by treatment with a grade of ethanol so-
lutions (30%, 50%, 75%, 85%, and 95% for 2 hours each) and placed
overnight in a dryer at room temperature before being coated by 7
nm of Pt/Pl for scanning electron microscope (SEM; Nova NanoSEM
230, FEI, Hillsboro, OR, http://www.fei.com) examination. The pore
diameter of scaffoldswasmeasured fromSEM images, and 6 images
were used for each scaffold at the samemagnitude. For each image,
20 different poreswere randomly selected and their diameterswere
measured by using ImageJ software (National Institutes of Health,
Bethesda, MD, http://imagej.nih.gov/ij). To determine the porosity
(P) of the scaffolds, we used a capillary method previously reported
[52]. The volumes of the scaffolds (Vs) were calculated from the scaf-
fold geometry (length, width, and height). The volume of pores (Vp)
was calculated by an ethanol infiltration method using Equation 1:

Vp ¼ ðWe2W0Þ=re ð1Þ
whereWe is the weight of the scaffold after ethanol incubation,
W0 is the weight of the dry scaffold, and re is the density of the
ethanol (0.789mg×ml21). The porosity of the scaffolds was calcu-
lated according to P = Vp/Vs 100%. The apparent density of the
scaffolds was defined as W0/Vs.

Mechanical Characterization

The elastic properties of the scaffoldswere evaluatedwith atomic
force microscopy (AFM) by extracting the Young’s modulus from
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AFM-acquired force curves: a BioScope Catalyst AFM (Bruker In-
struments, Santa Barbara, CA, https://www.bruker.com) was
used, in tandem with MLCT-E silicon nitride cantilevers (Bruker
Instruments), with spring constant and deflection sensitivity ex-
perimentally determined before each measurement. For each
scaffold type, 18 different 4-mm2 areas were considered, with
100 equally spaced force curves obtained on each area. The con-
tact regimen of the approach part of each force curve was fitted
with the equation of a spherical indenter (Hertz model, Equation
2) by using the fitting module of Nanoscope Analysis soft-
ware, v1.50 (Bruker AFM Probes, Camarillo, CA, http://www.
brukerafmprobes.com), and the elastic module (Young’s mod-
ule) in each force curve was extracted according to Equation 2:

F ¼ 4E
ffiffiffi

R
p

d3=2

3 ð12 y2Þ ð2Þ

In Equation 2, F is the force applied by the cantilever tip to the
scaffold (5 nN), E is the Young’s modulus (fit parameter), y is the
Poisson ratio (0.5), and R is the radius of the indenter (i.e., of
the cantilever tip; 20 nm). Only force curves with a goodness of
fit to Equation 2 between 0.85 and 1 were considered. Data dis-
tribution and statistical analysiswere performed usingMathema-
tica 9.0 (Wolfram, Champaign, IL, https://www.wolfram.com)
and Minitab, v.14.1 (Minitab Inc., State College, PA, https://
www.minitab.com) [53]. Normality was evaluated by using the
Anderson-Darling (AD) test, with p # .005 used as a threshold
for significance.

Fourier Transform Infrared Spectroscopy

The samples were analyzed in attenuated total reflection (ATR)
mode at 2 cm21 resolution 256 times over the range of
500–4,000 cm21 using a Nicolet 6700 spectrometer (Thermo-
Fisher Scientific, Waltham, MA, http://www.thermofisher.
com). The ATR/Fourier transform infrared spectroscopy (FTIR)
spectra were reported after background subtraction, baseline
correction, and binomial smoothing (11 points) [54].

Thermal Gravimetric Analysis and Differential
Scanning Calorimetry

Thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed using a TGA/DSC simulta-
neous thermogravimetric analyzer (Q600, TA Instruments, New
Castle, DE, http://www.tainstruments.com). Ten milligrams of
each sample were placed in alumina pans and analyzed through
aheating rampranging from25°Cand400°Cat 10°C/minute.Data
were analyzed through the TA Universal Analysis software (TA
Instruments).

Degradation Studies

Three scaffolds for each time point (2, 7, and 21 days) were incu-
bated in10mlphosphate-buffered saline (PBS)withorwithout10
mg/l hen egg white lysozyme (46,400 U/mg). The enzymatic solu-
tion was replaced weekly by freshly prepared solutions. Samples
were dehydrated by using a graded series of alcohol, dried in vac-
uum for 8 hours before weight determination.

Swelling Measurements

To determine the swelling property of CL and CSCL, five com-
pletely dried scaffolds were weighted (Wd) and afterward

incubated in PBS at 37°C. The hydrated scaffolds were taken
out at thedetermined timepoints,wiped superficiallywith a filter
paper to remove the surface water, and weighed (Ww). The up-
take ratio was defined as percentage swelling, as in Equation 3.

Sw% ¼ ðWw2WdÞ=Wd3 100 ð3Þ

Cell Culture

MSCswere isolated from rat bonemarrow as previously reported
for mice [55]. Cultures were established in standard media con-
stituted by high glucose-Dulbecco’s modified Eagle medium
(HG-DMEM) supplementedwith 15% fetal bovine serum, 1%pen-
icillin (100 UI/ml)-streptomycin (100 mg/ml), and 0.25 mg/ml
amphotericin B. For maintenance of cultures, cells were plated
at a cell density of 7 3 103 cells per cm2 and incubated at 37°C
in a humidified atmosphere (90%) with 5% CO2. Medium was
changed twice perweek thereafter or according to the experiment
requirements. Adherent cells were detached and subcultured us-
ing TrypLE Express (Invitrogen, ThermoFisher Scientific) before
reaching confluence (80%) and subsequently replated for culture
maintenance.When seededonto scaffolds,MSCswereharvested
and resuspended in cell culturemedium. A 30-ml drop ofmedium
containing 300,000 cells was seeded on the center of each scaf-
fold (CL andCSCL) andkept in an incubator for 30minutes. Culture
medium was then added to each well.

Assessment of MSC Attachment, Spreading,
and Viability

Three days after seeding, cells were stained using fluorescent
DRAQ5 and captured on a confocal laser microscope (A1 Confo-
cal Microscope, Nikon Instruments, Melville, NY, https://www.
nikoninstruments.com) to evaluate their spreading on the scaf-
folds. Cell spreading on CL and CSCL was calculated on the basis
of the auto fluorescence of the collagen detected at 358/461 nm.
The surface area covered by cells on the scaffolds was measured
and compared with the control, represented by collagen-based
scaffolds (NIS-Element, Nikon Instruments). The number of cells
per surface area of the collagen-based scaffolds was calculated
through an automated counting tool of the software. To evaluate
theeffect of theCSoncell organization anddistribution, themean
distance between cell nuclei was also measured.

Cell proliferation in the scaffolds was evaluated by Alamar
Blue assay (Invitrogen, ThermoFisher Scientific) according to
manufacturer’s instructionsduring a6-dayperiod.Optical density
was measured at wavelengths of 570 and 600 nm. Because the
culture medium was not changed during this period, the calcu-
lated percentage of Alamar blue reduction (%AB) is a cumulative
value. Data are shown as mean of 3 independent biological rep-
licates. Values are reported as%AB over time, which is associated
with the presence of metabolically active cells. For comparison,
data obtained from MSCs grown in two-dimensional conditions
(2DMSCs) are also reported. To confirm cell viability and visualize
viable cellswithin the scaffold,MSCswere stained using a fluores-
cent Live-Dead Viability Assay (Molecular Probes, ThermoFisher
Scientific, Eugene, OR) according to the manufacturer’s instruc-
tions on day 3.

Immunosuppressive Potential of MSCs

To evaluate the efficacy of the platform in helping MSCs retain
their immunosuppressive potential, cells were seeded onto CL
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and CSCL scaffolds and cultured for 24 hours at 37°C before bio-
molecule stimulation. Stimulation was performed using rat
recombinant TNF-a (PeproTech, Rocky Hill, NJ, https://www.
peprotech.com) at a concentration of 10 and 50 ng/ml for 48
hours, as previously reported [56]. Cells cultured in 2D conditions,
whether stimulated or not, were used as reference. At 48 hours,
the activated supernatant and the cells were harvested from the
cultures, filtered, and stored at 280°C. After stimulation, the
prostaglandin level wasmeasured in cell culture supernatants us-
ing a prostaglandin E2 (PGE2) enzyme immunoassay kit (Cayman
Chemical Co., Ann Arbor, MI, https://www.caymanchem.com)
according to the manufacturer’s protocol. The presence of nitric
oxide (NO) in the culture supernatants was measured by using a
nitric oxide (total) detection kit (Enzo Life Sciences, Farmingdale,
NY, http://www.enzolifesciences.com) following the manufac-
turer’s instructions. The levels of PGE2 andNOreleased fromstim-
ulatedMSCs seeded onto CL and CSCLwere comparedwith those
produced by unstimulated cells grown onto CL or CSCL,
respectively.

Testing Proliferation of Peripheral Blood
Mononuclear Cells

RatPBMCswereobtained fromheparinizedwhole-blood samples
by using density gradient centrifugation (Lymphoprep, Axis-
Shield, Oslo, Norway, http://www.axis-shield-density-gradient-
media.com/) following the manufacturer’s instructions. PBMC
proliferation was induced by stimulating cells with 2% phytohe-
magglutinin (PHA; Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) in a final HG-DMEM complete media. The ef-
fect of MSCs grown onto scaffolds (CL or CSCL) on T lymphocyte
proliferation was determined in a cell-cell contact setting with
MSCs and PBMCs plated at a 1:10 ratio. Twenty-four hours after
seeding theMSCs onto CL and CSCL, PBMCswere stainedwith BD
Horizon Violet Cell Proliferation Dye 450 (VPD450; BD Biosci-
ences, San Jose, CA, http://www.bdbiosciences.com) for 10 min-
utes, washed in PBS, and cocultured. PBMC proliferation was
assessed by flow cytometry after 3 days of culture.

In Vivo Studies

Adult Lewis rats (n = 3; Charles River Laboratories, Houston, TX,
http://www.criver.com/) were used for in vivo validation studies.
All animals were maintained and used in conformity with the
guidelines established by American Association for Laboratory
Animal Science, and all procedures were approved by the Hous-
tonMethodist Institutional Animal Care andUseCommittee. Rats
received appropriate preoperative analgesia with weight-based
subcutaneously injectedbuprenorphine andcarprofen. Induction
and maintenance anesthesia was provided using inhaled isoflur-
anegas, and thedorsumofeach animalwas shaved fromshoulder
to hock. Under sterile technique, three skin incisions were made
on both sides of the dorsal midline of each animal and the pre-
muscular, avascular subcutaneous plane was developed by using
blunt dissection. Into each subcutaneous pocket was placed a
1-cm diameter, 0.3-cm thick scaffold (left side, CL; right side,
CS), and all incisions were closed with wound clips. Postopera-
tively, rats were housed in individual cages, given food and water
ad libitum, and kept on a 12-hour light/dark schedule in typical
fashion. Twenty-four hours after implantation, animals were hu-
manely euthanized and scaffold specimens were harvested and
kept for further analyses.

Histological and Immunohistochemical Analysis

After euthanasia, the implants with surrounding tissue were re-
moved, immersed in 10% buffered formalin phosphate solution
for 48 hours, and then embedded in paraffin. Sections were then
dewaxed in an incubator for 30 minutes at 60°C before the histo-
logical and immunohistochemical stainings were performed. For
both assays, 10-mm-thick sections were deparaffinized twice in
fresh xylene for 15 minutes and rehydrated sequentially with de-
creasing ethanol concentrations (100%, 95%, 90%, 80%, and 70%)
and distilled water (15 minutes for each step). For histology,
Masson’s trichrome staining (Abcam, Cambridge, U.K., http://www.
abcam.com) was used. For the immunohistochemistry, slides
were pretreated using a standard cycle of pressure cooker to un-
mask epitopes in antigen retrieval solution (0.1M sodium citrate,
pH 7.2). Pretreated slides were blocked for 1 hour at room tem-
perature with 10% normal goat serum and then incubated at 4°C
overnight with anti-CD3 antibody (ab5690 abcam). Slides were
thenwashed three times in PBS and finallymountedwith ProLong
Gold Antifade Reagent With DAPI (Invitrogen, ThermoFisher Sci-
entific). Slides were stored at 4°C in the dark until imaging was
performed by a Nikon histological microscope.

Flow Cytometric Analysis

Toquantify thepercentageof infiltrating immunecells at 24hours
from implantation, scaffolds were digested with collagenase I
(2 mg/ml) (Life Technologies, ThermoFisher Scientific). Cell sus-
pensionswere filtered through 70-mmnylonmesh filters (BD Bio-
sciences) to remove cell clumps and scaffold debris, spun at 500 g
for 5 minutes, and fixed with 70% ethyl alcohol, and washed with
fluorescence-activated cell sorting buffer (bovine serum albumin
0.1%). The percentage of CD45-positive cells was determined by
using the PE-Cy7 directly conjugated mouse antirat CD45 anti-
body (Pharmingen, BD Biosciences). Aminimumof 20,000 events
per samplewas analyzed using a BD LSR Fortessa cell analyzer (BD
Biosciences). Post hoc data analysis was performed by using
FCS Express (De Novo Software, Glendale, CA, https://www.
denovosoftware.com/).

Chondrogenic and Osteogenic Induction
and Assessment

The potential of CSCL to induce MSC differentiation toward the
chondrogenic and osteogenic lineages was evaluated during a
21-day period in vitro. MSCs at passage 3 were seeded onto scaf-
folds (CL and CSCL) at a density of 10,000/cm2. Cells on scaffolds
were exposed to chondrogenic (StemPro Osteogenesis Differen-
tiation Kit, Gibco, ThermoFisher Scientific) or osteogenic
(StemPro Chondrogenesis Differentiation Kit) media, respectively,
or maintained in standard media. In both cases, medium was
changed every 3 days during a 21-day period. After 21 days in cul-
ture, differentiation was confirmed by chondrogenesis- and
osteogenesis-associated gene analysis. Osteogenic differentiation
was also assessed by quantifying the calcium deposited by using
a commercial QuantiChrom Calcium Assay Kit (DICA-500; BioAssay
Systems, Hayward, CA, https://www.bioassaysys.com), in accor-
dance with the manufacturer’s instructions.

Gene Expression Analysis

Total RNA was isolated from cells grown on scaffolds by homoge-
nization in 1 ml of Trizol reagent (Life Technologies, ThermoFisher
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Scientific)withaPowerGen125 tissuehomogenizer (ThermoFisher
Scientific) and according to the manufacturer’s instructions. For
each sample, RNA concentration and purity were measured using
aNanoDropspectrophotometer (ND1000,NanoDrop, ThermoFisher
Scientific). TreatmentwithDNAse (Sigma-Aldrich)wasperformed
to avoid DNA contamination. cDNAwas synthesized from 1mg of
total RNA using a Taqman Reverse Transcription reagents kit (Ap-
plied Biosystems, ThermoFisher Scientific, Branchburg, NJ). Am-
plifications were set on plates in a final volume of 10 ml and
carriedoutusingTaqManFastAdvancedMasterMix (AppliedBio-
systems, ThermoFisher Scientific). The following target probes
(Applied Biosystems, ThermoFisher Scientific) were used to eval-
uate the expression of the following markers.

Specific Lineage-Associated Markers

These markers included osteocalcin (Bglap; Rn00566386_g1),
osteopontin (Spp1; Rn01449972_m1), and alkaline phosphatase
(Alp; Rn01516028_m1) expression for osteogenesis and the SRY-
related high-mobility group box transcription factor (Sox9;
Rn01751069_mH), type 2 collagen (Col2a1; Rn01637087_m1),
and aggrecan (Acan; Rn00573424_m1) for chondrogenesis.

Immunosuppression-Associated Markers

These markers included prostaglandin E synthase (Pges;
Rn00572047_m1), cyclooxygenase-2 (Cox-2; Rn01483828_m1),
inducible nitric oxide synthase (iNos; Rn00561646), and trans-
forming growth factor-b (Tgf-b; Rn00572010_m1).

In Vivo Lymphocyte Apoptosis-Associated Markers

These markers included chemokine receptor type 5 (Ccr5;
Rn00588629_m1), C-X-C chemokine receptor types 2 (Cxcr2;
Rn02130551_s1) and 12 (Cxcl12; Rn01462853_m1), FAS ligand
(Faslg; Rn00563754_m1), and interleukin-3 (IL-3; Rn01646318_g1).

Normalization of Data

Gene expression was normalized to the level of glyceraldehyde
3-phosphatedehydrogenase (Gapdh;Rn01775763_g1). Fordifferen-
tiation, data were compared with a control of cells cultured on CL
scaffolds. For immunosuppression, values were normalized to those
obtained from their respective control groups (unstimulated cells).
Gene expression performed on ex vivo samples was evaluated com-
pared with subcutaneous tissues with no inflammation (baseline).

Statistical Analysis

Statistical analysis was performed by using GraphPad Instat
3.00 for Windows (GraphPad Software, La Jolla, CA, http://www.
graphpad.com/). Three replicates for each experiment (cell prolif-
erationanddistribution,geneexpression, calciumdeposition,PGE2
andNOquantificationassays, andPBMCtest)wereperformed,and
the results are reported as mean 6 SD, with p # .05 used as a
threshold for significance. One-way analysis of variance for multi-
ple comparisons by the Student-Newman-Keuls multiple compar-
ison test was used.

RESULTS

Scaffold Characterization

Figure 1A shows CL and CSCL scaffolds. The porous structure
of scaffolds after freeze-drying has been determined by SEM

imaging (Fig. 1A). The overall microstructure of all samples
showed interconnected pores with boundaries that are defined
by sheet-like structures of dense afibrillar collagen (CL) or more
fibrillar collagen (CSCL). At higher magnification, it is clear that
the presence of chondroitin sulfate imparts a more fibrous sub-
structure. The copolymer CSCL has more widely interconnected
pores, with mean diameters of 746 11 mm, in comparison with
bare collagen (CL), with a pore diameter of 62 6 4 mm. CL pre-
sented a porosity of 81% and CSCL showed an overall higher po-
rosity of 89%, asdeterminedbycapillarymethod. Figure1B shows
the average FTIR spectra of CL and CSCL. The vibration peak at ap-
proximately 1,400 cm21, correlating to a CH2 side chain, is an im-
portant characteristic feature of collagen andwaswitnessed in all
of the collagen-containing samples. Amide I (1,700–1,600 cm21)
and amide II (1,600–1,500 cm21) are related to the stretching vi-
bration of C = O bonds and to C–N stretching and N–H bending
vibration, respectively. All samples contain C = O, C–N, and
N–H bonds. Amide III region (approximately 1200–1300 cm21)
is related to the C–N and C–C stretching, N–H bonds, and CH2
wagging from the glycine backbone and proline side chain. In
the CSCL, amide I and amide II shift, showing a broader profile
of their respective peaks. Amide III peaks (1,200, 1,237, and
1,280 cm21) shifted significantly in CSCL samples compared with
CL, which may suggest the formation of bonding between afibril-
lar collagen and CS. At approximately 1,080 cm21 (C–O stretching
of carbohydrate residues in collagen and proteoglycans), approx-
imately 845 cm21 and 1,120 cm21 (C–O-S stretching) and approx-
imately 1,397 cm21 (COO stretching of amino side chains).

TGA-DSCanalysis assessed the actual link betweenCSand col-
lagen by evaluating CSCL degradation and transitions compared
with thoseofCL (Fig. 1C). Inparticular, theDSCanalysis evidenced
substantial differences between CSCL and CL. Both materials un-
derwent an endothermic reaction around 100°C (evaporation of
the water moisture present in the material). Significant differ-
ences in the thermal transitions between CSCL and CL happened
after 200°C of the heating ramp. Compared with CL, CSCL pre-
sented an exothermic transition at 259.42°C, corresponding to
the degradation of the polysaccharide. TGA showed the presence
of 7.4wt%of CS in theCSCL sample. The swelling of CSCL scaffolds
was significantly higher than that of the CL scaffold (Fig. 1D),
mainly because of the slightly higher porosity and the presence
of chondroitin sulfate, which allow it to retain its natural sponge
effect as a result of its negative charge [57]. Finally, scaffold deg-
radation kinetics was performed through lysozyme-containing
PBS.Althoughneither scaffold incubated inPBSalone showed sig-
nificant weight changes after the first 21 days, CL scaffolds incu-
bated in lysozyme showed weight reduction after 7 days and a
weight loss of almost 50% at the final time point. CSCL showed
a lower degradation kinetic. The last time point showed a 72%
weight loss.

AFM analysis was performed on CL and CSCL to evaluate the
elastic properties of both scaffolds (Fig. 1F). A total of 1,305 and
991 Young’s modulus values were considered on CL (blue bars in
Fig. 1F) and CSCL (red bars in Fig. 1F), respectively. In CL, the data
spread consists of 0.014–74.1MPa,with 89%of the data population
clustered below 5MPa, where a distribution trend is clearly visible.
Withadistribution that is significantlydifferent fromnormal (ADp,
.005), a median value of 1.366 1.12MPa was observed. CSCL data
(redbars in Fig. 1F) presenteda spreadbetween0.048and186MPa,
with two thirds of the data points organized in two distributions at
low values (,3.15MPa),whereas a third presentedno visible trend,
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with values ranging from 3.15 to 186 MPa. The median value of
the first distribution was 0.64 6 0.32 MPa, whereas the second
peak, normally distributed (AD p = .005), had a median of 2.19
6 0.42 MPa. Direct comparison of CL and CSCL distributions sug-
gests that CS functionalization results in the introduction of two
clearly distinct populations of mechanical properties compared
with CL scaffolds. Both stiffness distributions in CSCL comprise
a similar number of values; therefore, it is possible that they
are similarly represented in the CSCL structure.

Cell Viability, Morphology, and Distribution

As revealed by confocal microscopy after 4 days of culture, cells
infiltrated into the scaffold pores and covered 37.73% of the col-
lagen surface in CL and 25.09% in CSCL scaffolds (Fig. 2A, lower
magnification). Whereas in CL the cells organized in three-
dimensional (3D) structures, in CSCL they aligned along the

collagen fibers and distributed themselves homogeneously (Fig.
2A, higher magnification). By measuring the distance between
the nuclei, we calculated that the cells were equidistant in CL
and CSCL (26.74 6 4.07 vs. 22.54 6 5.53, respectively). The
Live/Dead Assay demonstrated similar cell viability between CL
andCSCL,whichwas assessed at approximately 99% (Fig. 2C). Ala-
mar blue assay demonstrated that both CL and CSCL supported
metabolically active cells growth during a period of 6 days
(Fig. 2D).

Immunosuppressive Potential

To test the efficacy of the proposed material to help MSCs retain
their immunosuppressive potential, cells grown onto CSCL and CL
scaffolds were stimulated with the proinflammatory cytokine
TNF-a (at the concentration of 10 and 50 ng/ml) for 48 hours.
The secretion of immunosuppressive molecules did not increase

Figure 1. Structural and chemical characterization of the scaffolds. (A): Scanning electronmicroscopic images of CL and CSCL at differentmag-
nification. Scale bars are included in the figure. (B):Attenuated total reflection/Fourier transform infrared spectroscopy spectra of CL and CSCL.
The spectra highlighted the presence of CS inside the collagen scaffold representedmainly on the sugar peaks that arise around 1,000 cm21. (C):
Differential scanning calorimetry elucidated the thermal transitions of the CSCL respect to CL while thermal gravimetric analysis quantified the
weight percentage of chondroitin sulfate in the scaffold. (D): The degradation percentage of CL (blue) and CSCL (red) scaffolds by lysozyme in
phosphate-buffered saline solution. (E): Swelling characteristics in CL and CSCL over time. (F): Distribution of Young’s modulus values for CL
(blue) and CSCL (red). Abbreviation: CL, collagen scaffold; CSCL, chondroitin sulfate crosslinked onto a collagen-based scaffold.
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when cells were stimulatedwith the lowest dose of TNF-a (10 ng/
ml), nor was there a statistically significant difference in compar-
ison with cells grown in 2D cultures under standard conditions
(data not shown). The levels of PGE2 released by cells grown in
CSCL were decreased compared with CL in standard media
(p , .01); although both CL/CSCL released significantly more
PGE2 than their 2D controls when stimulated, these values when
stimulated were both near 1,500 pg/ml and did not differ signif-
icantly from one another (Fig. 3A). Compared with the unstimu-
lated cells, Pges expression was 25-6 7-fold higher in CSCL, with
only a 2-increase in CL (Fig. 3C).

No significant differences were noted between the levels of
NO produced in CSCL and CL in the absence of stimulation (Fig.
3B). In response to TNF-a stimulation, however, cells grown onto
CLproducednearly identical amounts ofNOcomparedwith those
cultured in 2D and standard conditions, whereas cells grownonto
CSCL scaffolds released significantly higher amounts (p , .01)
(Fig. 3B). Concomitantly, a significant increase in the expression
of iNos (6.076 0.25) was observed in comparison with 2D MSC
and CL: 2 6 0.35 and 2.89 6 0.29, respectively. A similar trend
in molecular upregulation was seen for Cox2 and Tgf-b as well.

Stimulated cells produced a 13-6 0.35-fold and 3.8-6 0.04-fold
increase in Cox-2 expression at 48 hours in CSCL and CL, respec-
tively.Tgf-bexpressiondidnot significantly differ betweenCLand
2DMSCs but was greatly increased in CSCL (136 0.5). Consistent
with these previous findings, when their immunosuppressive po-
tential was evaluated in a lymphocyte reaction assay, both CL and
CSCL inhibited the proliferation of PHA-stimulated PBMCs after 3
days of coculture. However, as shown in Figure 3D, the inhibitory
effect was greater in MSCs grown onto CSCL scaffolds compared
with CL, showing a 42% decrease in PBMC proliferation; in con-
trast, it was approximately 23% in CL.

In Vivo Studies

We further examined the immunosuppressive effect of CSCL and
CL in vivo. Animals did not experience complication from the sur-
gical operation. Histologically stained sections reveal that after 24
hours infiltrationof immune cellswere reduced inCSCL compared
with CL (Fig. 4A). Flow cytometric analysis revealed a five-fold de-
crease in the percentage of CD45-positive cells in CSCL than CL
(Fig. 4B). These data were confirmed by immunohistochemistry,

Figure 2. MSC spreading, viability, and proliferation. Confocal (A) and scanning electron microscopic (SEM) (B) images showing MSC spread
onto CL and CSCL scaffolds at different magnifications. MSCs align along the walls of the scaffolds in the presence of chondroitin sulfate and
organize in three-dimensional structures when grown onto CL (A, B). SEM images reveal a greater production of microvesicles when MSCs are
exposed toCSCL (arrows). Scalebars are included in the figure.CSCL andCL scaffolds supportMSCviability (C) (Live/Deadassay) andproliferation
(D) (Alamar blue assay). Temporal changes in the %AB are shown as representative of the presence of metabolically active cells over time. A
cumulative increase in %AB reduction was found, reflecting ongoing cell proliferation. MSCs grown in two-dimensional conditions are also re-
ported for comparison.Data are shownasmeanof three independentbiological replicates6 SD.Abbreviations:%AB,percentageofAlamarblue
reduction; CL, collagen scaffold; CSCL, chondroitin sulfate crosslinked onto a collagen-based scaffold; MSC, mesenchymal stem cell.
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which showed a negligible presence of CD3+ cells inside the CSCL
in comparison with CL (Fig. 4C). Among the genes studied, those
associated with inflammatory cell apoptotic processes (Cxcr2,
Cxcl12, Faslg, and IL-3) were significantly (p , .01) increased in
CSCL (Fig. 4D).

Osteogenic and Chondrogenic Differentiation

The osteogenic and chondrogenic potential of our scaffolds was
assessed during a 21-day period.MSCs on scaffoldswere exposed
to chondrogenic media or kept in standard media. The highly
upregulated expression of specific chondrogenesis-associated
genes, such as Sox9, Acan, and Col2a1 (Fig. 5) confirmed that dif-
ferentiation toward the chondrogenic lineage in both uninduced
and induced cells grown in CSCL occurred. In particular, the ex-
pression of the transcription factor Sox9 was increased 4.12- 6
0.04-fold when cells were cultured onto CSCL scaffolds without
the addition of any supplement in the media compared with
CL. It reached higher values when cells were properly induced
with the chondrogenic media (8.97 6 0.34). Accordingly, com-
pared with cells grown onto CL scaffolds, Acan expression in-
creased 3.06- 6 0.21-fold when the CS was crosslinked to the
collagen in total absence of chondrogenic supplements and in-
creased to 4.06 6 0.18 when properly induced. Accordingly,
Col2a1 expression was found 5.43- 6 0.52-fold higher in CSCL

compared with CL, but this value did not change when media
was supplemented with chondrogenesis-inducing factors.

In the absence of osteogenic media, CSCL scaffolds did not
show any osteogenic potential. However, the synergistic action
of the CSCL scaffold structure and the inducing media did exhibit
a significantly enhanced osteogenic effect induced as confirmed
by the upregulation of specific osteogenesis-associated genes
(Fig. 6A). After induction, alkaline phosphatase (Alp) expression
increased 2.35-6 0.18-fold in cells grownonCSCL comparedwith
CL. Similarly, Bglap expression was 4.56 0.23 times increased in
CSCL, whereas the expression of osteopontin (Spp1) was only
1.89- 6 0.07-fold higher in comparison with cells grown on CL
scaffolds. When induced, the two experimental groups showed
a 3-fold increase in the concentration of minerals deposited in
the media, without any statistically significant differences be-
tween the groups (Fig. 6B).

DISCUSSION

The extracellular matrix is the key factor in maintaining homeo-
stasis of a normal tissue because it helps resident cells in several
specific functions, including adhesion, migration, proliferation,
and differentiation [58]. An effective biomaterial-based regener-
ative strategy requires not only the matching of tissue-specific

Figure 3. Role of CSCL in supporting MSC immunosuppressive potential in vitro. MSCs secrete various factors, such as PGE2, nitric oxide, and
transforming growth factor-b. PGE2 (A) and nitric oxide (B) production byMSCs cultured onto CL and CSCL in response to stimulation with the
proinflammatory cytokineTNF-a (50ng/ml) at 48hours. Asterisks depict highly significant (pp,p, .01) differences comparedwith cells grown in
standard media. (C): Comparison between MSCs grown onto CL and CSCL for the expression of Pges, iNos, Cox-2 and Tgf-b after 48 hours of
stimulation. Data are represented as fold-change comparedwith the expression levels found in the untreated cells (n =3; pp,p, .01). (D): Effect
of MSCs grown in two dimensions or onto CL (CL) or CSCL (CSCL) on the proliferation of stimulated PBMC after 72 hours of coculture. For com-
parison the percentage of proliferative PBMCs in the presence (PHA-PBMC) and absence (PBMC) of PHA is also reported. Data represent the
mean6 SD of three independent experiments. Asterisks depict highly significant (pp, p, .01) and significant (p, p, .05) differences compared
with stimulated PBMCs. Abbreviations: 2DMSC, two-dimensionalmesenchymal stemcell; CL, collagen scaffold; CSCL, chondroitin sulfate cross-
linked onto a collagen-based scaffold; CTRL, control;MSC,mesenchymal stem cell; PBMC, peripheral bloodmononuclear cell; PGE2, prostaglan-
din E2; PHA-PBMC, phytohemagglutinin peripheral blood mononuclear cell; TNF-a, tumor necrosis factor-a.
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structural and functional cues but also the control of the host im-
mune response to the biomaterial of choice [59]. In particular, in
the case of trauma or degenerative inflammatory diseases, carti-
lage tends to progressively degrade because of the low regener-
ative capacity of the natural tissue. To solve this issue, several
tissue-engineered approaches using biopolymeric scaffolds that
mimic the ECM of cartilage have been explored [40–42] so far, al-
though none of them has proven capable of conquering the

subsequent host immune response. With this in mind, we sought
to develop a biomaterial that can fine-tune the inflammatory re-
sponse after implantation and at the same time recapitulate
the chondrogenic niche.

Because of the proven immunomodulatory properties of
CS [33] and the fact that it is one of the most represented com-
ponents of cartilage [60], we integrated CS into a collagen-
based scaffold to create a desirable environment forMSC to exert

Figure 4. CSCL immunosuppressive potential when subcutaneously implanted in rats in vivo for 24 hours. (A): Masson’s trichrome-stained
sections of CL and CSCL ex vivo (original magnification, 34 and340). Scale bars = 100 mm for34 magnification and 10 mm for340 magni-
fication. (B): Representative morphological plots showing cells harvested from CL (blue) and CSCL (red) scaffolds. Histograms represent the
percentage of CD45-positive cells identified at 24 hours. Asterisks depict highly significant (pp, p , .01) differences between CL and CSCL.
(C): Immunofluorescence staining of CD3+ (red) infiltrate the scaffold in subcutaneous implant model. Scale bar = 50 mm. Data are quantified
as mean fluorescence intensity with Nikon Element software. Asterisks depict significant (pp, p, .01) differences between CL and CSCL. (D):
Quantitative polymerase chain reaction for the expression of genes involved in inflammatory cell apoptotic processes (Cxcr2, Cxcl12, Faslg, and
IL-3). Data are represented as fold-change compared with the expression levels found in subcutaneous tissues with no inflammation (baseline)
(n =3; pp,p, .01; p,p, .05). Abbreviations: au, arbitrary unit; CL, collagen scaffold; CSCL, chondroitin sulfate crosslinked onto a collagen-based
scaffold; DAPI, 49,6-diamidino-2-phenylindole; FSC-A, forward scatter pulse area; SSC-A, side scatter pulse area.
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their protective and regenerative effects. MSCs hold an inherent
immunoregulatory potential and elicit immunosuppressive ef-
fects in several situations [43]; they are able to interfere with a
variety of immune cell functions (i.e., cytokine secretion and cy-
totoxicity of T and NK cells, B cell maturation and antibody secre-
tion, dendritic cell maturation and activation, and well as antigen
presentation) by means of direct cell-to-cell interactions or solu-
ble factor secretion, such asNOandPGE2 [61]. In this scenario,we
exposedMSCs grown onto CL and CSCL to a proinflammatory en-
vironment to evaluate the capability of the system to help MSCs
retain their immunosuppressive effect without inducing a
material-dependent stress.

When activated, MSCs on CSCL more vigorously reacted to
stimulation with TNF-a (50 ng/ml). A marked accumulation (p ,
.01) of NO was observed only when cells were cultured onto CSCL
scaffold, whereas CL alone was essentially noninducible for NO re-
lease. In addition, although the absolute levels of PGE2 upon induc-
tion were similar between CL and CSCL, the percentage change
baseline was significantly increased in CSCL because it released
much lower basal levels of PGE2 (p, .05). Interestingly, the basal
levels of PGE2 found inCSCLwereeven lower than thoseobserved

in CL (p, .05). This suggested that the environment created by
CSCL resulted in less stress for cells that need to be activated to
exert their immunomodulation potential, mainly because of the
architecture, composition, and mechanical properties of the ma-
terial, which are different between CL and CSCL. These data were
corroborated by the significant increase in the expression of iNos,
Pges,Cox-2, and Tgf-b.Because the production of suchmolecules
ultimately leads to the inhibitionof T cell proliferation [62, 63],we
confirmed the preliminary observations testing the effect of CSCL
in supporting the inhibition of PHA-stimulated PBMC prolifera-
tion in a cell-cell contact assay. The functional study confirmed
the greater immunosuppressive potential of MSCs grown onto
CSCL yet suggested a lower immunogenic capability of MSCs
when CS is not included in the system.

To further validate our in vitro results, we evaluated the im-
munosuppressive nature of CSCL scaffold via implantation in a
subcutaneous model in vivo. As revealed by histological staining
and immunofluorescence, infiltration of CD3+ cells at 24 hours
was lower in CSCL than CL, thus confirming the intrinsic immuno-
suppressive effect of the proposedCSCL scaffold. Flowcytometric
analysis quantifiably supports the histological trend showing a

Figure 5. Chondrogenic differentiation in vitro.Mesenchymal stem cells were grown onto CL and CSCL for a 21-day period in basal or inductive
media. Quantitative polymerase chain reaction analysis for the chondrogenesis (Sox9, Col2a1, Acan)-associated markers. Expression levels nor-
malized to the reference gene (Gapdh). Data are represented as fold-change compared with expression cells grown on CLs. Asterisks depict highly
significant (pp, p, .01) differences. Abbreviation: CL, collagen scaffold; CSCL, chondroitin sulfate crosslinked onto a collagen-based scaffold.

Figure 6. Osteogenic differentiation in vitro. Mesenchymal stem cells were grown onto CL and CSCL for a 21-day period in basal or inductive
media. (A): Quantitative polymerase chain reaction analysis for the osteogenic (Alp, Spp1, Bglap)-associated markers. Expression levels nor-
malized to the reference gene (Gapdh). Data are represented as fold-change compared with expression cells grown on CLs. (B): Mineral de-
position (mM) evaluated after 21 days of culture onto CL and CSCL whether cells were exposed to inductive media. Values are mean 6 SD.
n = 3. Asterisks depict significant (p, p, .05) and highly significant (pp, p, .01) differences between CL and CSCL. Abbreviation: CL, collagen
scaffold; CSCL, chondroitin sulfate crosslinked onto a collagen-based scaffold.
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significant reduction in the percentage of CD45+ cells (including
precursor cells and mature lymphocytes, granulocytes, and den-
dritic cells), passing from 50%6 16.97% in CL to 4.5%6 0.28% in
CSCL.We can hypothesize that the reduced number of CD3+ cells
observed in CSCL compared with CL is a relative decrease. In fact,
it could be mainly due to the different process activated by CS,
togetherwith thearchitectureprovided to the scaffoldby its pres-
ence, and its ability able to exert its anti-inflammatory effect by
recruiting a functionally different cell population compared with
bare CL.

To better understand the mechanisms involved in such a
reduction, we analyzed some of the genes associated with a
diminished proinflammatory cascade, leading to the recruit-
ment of less inflammatory cells in the area of the implant.
Our data confirmed the supposed immunosuppression medi-
ated by the material itself because a greater upregulation of
those genes was revealed by quantitative PCR when CSCL
was implanted.

After establishing the immunomodulatory properties of
our CSCL scaffold, we examined its proficiency in driving
chondrogenic and osteogenic differentiation of na ı̈ve MSCs.
Specifically, we tested the ability of our system to recreate
the stimuli found in the chondrogenic niche. We observed
that the CS cross-linking to the collagen provided MSCs with
mechanical and biochemical cues required to induce sponta-
neous differentiation toward the chondrogenic lineage.
Without the requirement of external influence from differen-
tiative medium, MSCs grown on CSCL for 21 days expressed
high levels of chondrogenesis-associated genes. In particular,
the Sry-related high-mobility group box transcription factor
(Sox9) is an early marker whose expression regulates the rate
of chondrocyte differentiation by controlling the expression
of specific genes (type 2 collagen [Col2a1] and aggrecan
[Acan]) [64].

The same phenomenon was not witnessed in control CL
scaffolds, suggesting that the CS immobilized to our CSCL scaf-
fold is necessary and could be sufficient for such cellular dif-
ferentiation. The expression profile observed was similar to
or even greater than that foundwhen cells were chemically in-
duced with commercial differentiation medium (data not
shown).

Data obtained are consistent with prior literature, confirming
the capability of CS to enhance chondrocyte proliferation andmat-
uration [65–67]. As suggested by the FTIR spectra, chondrogenesis
was likely achieved because of the biomimetic ultrastructure of
the CSCL; it was similar to that seen in natural aggrecan [68]. As
mentioned previously, aggrecan is considered the constituent
molecule of support tissues and, together with collagen fibers,
contributes to the cohesion and improved mechanical features
of cartilage [60].

The functionalization of our collagen-based scaffold with
chondroitin sulfate, aswell as the crosslinking procedure, verified
by TGA, DSC, and FTIR, did slightly affect the porosity and theme-
chanical features of thematerial. Porosity is considered a key fac-
tor in the success of regenerative biomaterial tissue integration
because it allows for the proper organization of cells seeded/
infiltrating into the scaffold [24].

MSCs grown onto CSCL aligned along the pores in the three-
dimensional scaffolds, whereas those seeded onto CL scaffold
appeared to form clusters, thus revealing a higher degree of cel-
lular adhesion to the microenvironment provided by CSCL that is

crucial for cytoskeletal organization and cell specification [69, 70].
In addition, MSCs grown on CSCL showed higher numbers of ves-
icles, hypothesized to be relevant for an enhanced cell-cell com-
munication activity. In fact, extracellular vesicles have important
roles in the regulation of the crosstalk between MSCs and im-
mune cells, mediating their inflammatory stimulation or suppres-
sion together with freely secreted molecules [71]. Addition of
chondroitin sulfate increases stiffness heterogeneity in CSCL scaf-
folds, with two regions with lower and higher stiffness compared
with CE scaffolds (Fig. 1E). It is unclear how the change in stiffness
is related to scaffolds’ 3D structure. Regions of higher stiffness
may be localized in the areas where the chondroitin sulfate
web inside the pores significantly stabilizes the sheet-like struc-
tures (Fig. 1A). Although areas of lower stiffness may be found
in those areas with a significant increase in pore diameter, longer
sheet-like structures that surround pores aremore elastic in their
midareas compared with shorter ones. As previously demon-
strated, low stiffness facilitates a significant upregulation in
SOX9 [72], and the region of lower stiffness in CSCL, compared
with CL, may play a role in the upregulation of SOX9 observed
in the present work (Fig. 5).

Although it has been proposed that collagen type I itself
induces the differentiation of osteoprogenitor cells into
osteoblast-like cells [73], no osteogenic differentiation was ob-
servedwhencellswere grownontoCLor CSCL inbasalmedia, sug-
gesting that the scaffold did not provide the minimum necessary
chemical and mechanical cues for cells to undergo osteoblasto-
genesis. When appropriately stimulated, however, the expression
of the osteogenesis-associatedmarkers (Alp, Spp1, Bglap) was sta-
tistically significantly increased in CSCL compared with CL, thus
suggesting potential use of the proposed scaffold for approaches
aimed at restoring the osteochondral region of long bones or ar-
ticular surfaces.

CONCLUSION

The complex interaction between biomaterials and the host cel-
lular environment is poorly defined. Thedatawehavepresented
prove that fine alterations in the physicochemical structure of
biotherapeutic moieties can concurrently direct the immune
system away from immunologic rejection and stimulate the
body to essentially heal itself via terminal MSC differentiation
toward the tissue of interest. An implantable scaffold capable
of initiating regeneration while being incorporated into the tis-
sue would avoid many of the current limitations of implanted
prostheses and could represent the Holy Grail for regenerative
medicine applications. The immunomodulatory strategy we
propose, based on a CS-functionalized collagen scaffold, is a
good example of a biomimetic material able to recapitulate
the cartilage environment while reducing inflammation at the
site of implant.
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