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ABSTRACT
Cartilage tissue engineering, with in vitro expansion of autologus chondrocytes, is a promising technique for tissue regeneration and is a new
potential strategy to prevent and/or treat cartilage damage (e.g., osteoarthritis). The aim of this study was (i) to investigate and compare the
effects of new biotechnological chondroitin (BC) and a commercial extractive chondroitin sulfate (CS) on human chondrocytes in vitro culture;
(ii) to evaluate the anti-inflammatory effects of the innovative BC compared to extractive CS. A chondrogenic cell populationwas isolated from
human nasoseptal cartilage and in vitro cultures were studied through time-lapse video microscopy (TLVM), immunohistochemical staining
and cytometry. In order to investigate the effect of BC and CS on phenotype maintainance, chondrogenic gene expression of aggrecan (AGN),
of the transcriptor factor SOX9, of the types I and II collagen (COL1A1 and COL1A2), were quantified through transcriptional and protein
evaluation at increasing cultivation time and passages. In addition to resemble the osteoarthritis-like in vitromodel, chondrocytes were treated
with IL-1b and the anti-inflammatory activity of BC and CS was assessed using cytokines quantification by multiplex array. BC significantly
enhances cell proliferation also preserving chondrocyte phenotype increasing type II collagen expression up to 10 days of treatment and
reduces inflammatory response in IL-1b treated chondrocytes respect to CS treated cells. Our results, taken together, suggest that this new BC is
of foremost importance in translational medicine because it can be applied in novel scaffolds and pharmaceutical preparations aiming at
cartilage pathology treatments such as the osteoarthritis. 117: 2158–2169, 2016. © 2016 The Authors. Journal of Cellular Biochemistry Published by
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Cartilage is an avascular and aneural tissue, composed of
chondrocytes surrounded by a viscous extracellular matrix

(ECM). These are specialized cells responsible for production,
maintaining, and remodeling of cartilage ECM [Chung and Burdick,
2008]. However, articular chondrocytes are rather difficult to
culture, having a low proliferation capacity and losing their

chondrogenic phenotype through dedifferentiation in monolayer
cultures [Kuo and Lin, 2006]. In addition to articular cartilage,
chondrocytes can be extracted from auricular cartilage [Malicev
et al., 2009] and nasal septum, with some advantages as compared to
articular chondrocytes, since they are easily harvested and grow for
several days without significant reduction in cell viability [Chia
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et al., 2004]. The extracellular matrix is composed of fibrous proteins
(collagen, elastin,fibronectin, and laminin) and glycosaminoglycans
(GAGs), among which hyaluronan, chondroitin sulfate (CS), that are
known to play a pivotal role in providing adequate mechanical
properties [Plaas et al., 2001]. Chondroitin sulfate (CS) is a linear
anionic polysaccharide composed of repeating disaccharide units of
D-glucuronic acid and N-acetyl-D-galactosamine and present
different sulfation patterns according to the extractive source. For
commercial purposes, it is derived from bovine trachea, swine nasal
septa, shark fins, fish cartilage, and by a semi-synthetic approach
[Schiraldi et al., 2010]. Unsulfated biotechnological chondroitin (BC)
biopolymer has also been obtained in novel and patented
biotechnological production processes, increasing application
opportunities. Marketed as a food supplement and anti-arthritic
drug, recently, CS has received attention for novel/diverse medical
device applications [Schiraldi et al., 2010]. It was demonstrated that
CS reduced the nuclear translocation of NF-kB in vitro [Du Souich
et al., 2009; Calamia et al., 2010]. Recently, Calamia et al.
[2012] have reported the effective use of CS coupled to glucosamine
in the treatment of osteoarthritis (OA) for its anti-inflammatory
properties [Hochberg, 2012]. In osteoarthritis, CS may stimulate the
synthesis of proteoglycans and decrease the catabolic activity of
chondrocytes through inhibition of proteolytic enzymes and other
factors that contribute to tissue degradation. The study of the effect
of CS on anabolism and catabolism in cartilage tissue [Kwan et al.,
2010] has suggested a positive role in balancing the two, thus
delaying the pathology progression [Du Souich et al., 2009]. In
addition, CS has been shown to have anti-inflammatory effects on
chondrocytes in vitro. Recently medical devices based on CS and
hyaluronan have been used in intra-articular viscosupplementation
[Chen et al., 2011; Henrotin et al., 2012]. Being new biotechnological
chondroitin un-sulfated and thus similar to the hyaluronan, the aim
of this study was to evaluate and compare the effects of BC respect to
CS on human primary chondrocytes in vitro model in order to assess
its biomedical potential for use inmedical devices, scaffolds, or other
active pharmaceutical principle.

MATERIALS AND METHODS

Biotechnological chondroitin (BC) (1%w/v) was specifically pro-
duced in our laboratory following the procedure described in
Schiraldi et al. [2010]. In addition, specific purification steps, using
activated carbon and ethanol precipitations, were used to reduce
contamination such as o-chain and endotoxins, host proteins, lipid
A, 95� 5% pure chondroitin was obtained with endotoxin content
lower than 0.05 EU/mg and used in the experiment in comparison to
commercially available chondroitin sulfate (CS) (1%w/v) extracted
from swine nose cartilage (Sigma–Aldrich, Milan, Italy). All
solutions were obtained dissolving BC and CS (1%w/v) in the
medium, pH¼ 6.5-8.0 and osmolality¼ 300mOsm. Solutions were
tested for endotoxin content and microbiological counts after
microfiltration (0.22mm) in order to perform safe experiments
(Pharma grade). Endotoxin concentration (EU/mL) was evaluated
using the Limulus test and solutions were used only when titer was
lower than 0.1 EU/mL. IL-1b was obtained from Sigma–Aldrich.

ISOLATION AND EXPANSION OF HUMAN NASAL CHONDROCYTES
Nasoseptal cartilage was extracted from consenting human
healthy volunteers, ranging from 20 to 50 years of age who
were undergoing surgery procedures for functional respiratory
limitation at Pellegrini Hospital. The study was approved by the
Medical Ethics Committee of the Second University of Naples
(AOU-SUN registration No 0003711/2015). In particular, the
patients enrolled in this study signed an informed consent form
drafted following instructions from the SUN Internal Ethical
Committee. Briefly, the cartilage was minced into small pieces and
digested using 3mg/mL collagenase Type I (Gibco, Invitrogen),
4mg/mL dispase (Gibco, Invitrogen) in Phosphate-Buffered Saline
(PBS, PH 7.2, Lonza), and 0.2mg/mL Gentamycin (Hospira)
overnight at 37°C under a condition of gentle shaking. The
released cells were separated by filtration through sterile filter
(70mm) and the cellular suspension was centrifuged (1500 rpm,
7min). Cell pellet was re-suspended in Dulbecco0s Modified Eagle
Medium (DMEM), supplemented with fetal bovine serum (FBS)
(10%v/v), (Gibco, Invitrogen) penicillin-streptomycin (1% v/v),
Amphotericin B (1% v/v) (Lonza), then the cells were seeded in a
T-25 tissue culture flask and maintained at 37°C in a humidified
atmosphere with 5% v/v CO2. The medium was changed every 3–5
days until cells reached �80% confluence. Afterward, cells were
harvested with trypsin/EDTA 0.2mg/mL and re-seeded in
appropriate tissue culture plates. Dissociation with trypsin
followed by re-seeding for cell expansion was named “passage.”

CELL PROLIFERATION ASSAY AND TIME-LAPSE
VIDEO-MICROSCOPY
Chondrocytes at 2nd passage of culture, were grown to confluence
for proliferation experiments; 1.0� 104 cells/cm2 into 24-well tissue
plates were seeded. The culture medium was then removed and
replaced by either fresh medium alone (control), or medium
containing BC (1%w/v) or CS (1%w/v). To study cell growth and
morphology changes in time, extracted chondrocytes were observed
for 72 h, using a time-lapse video microscopy apparatus. Briefly, as
previously described in Schiraldi et al. [2012] [D0Agostino et al.,
2015], the station was assembled with an inverted optical
microscope with a CCD gray scale camera, a stage incubator (CO2,
T and air control) and a thermostatic bath (Okolab). The CO2

microscope stage incubator maintained all the required environ-
mental conditions for cell cultures (37°C and 5% CO2 in air, etc.),
allowing prolonged observations of living cell behavior and events
(e.g., proliferation, migration, elongation, cell morphology) to be
performed. The instrument was connected to software OKO-Vision
4.4.3 (composed of OKO-Vision Time Lapse and OKO-Vision
Imaging). Time-lapse video-microscopy enabled both the contem-
porary incubation of more samples and also for a multiple-field
visualization within the same sample, thus ensuring the statistical
significance of the experiments. Pictures were taken every 60min
throughout the entire interval of the experiment (72 h) and five
representative fields of view for each well were selected and
collected. All conditions were performed in triplicate to minimize
variations. The recorded images were analyzed by counting using
Image-Pro1 Plus 5.1 software, for cell image analysis (Media
Cybernetics).
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CELL SIZE ANALYSES
The morphological modifications (shape and dimensions) of primary
chondrocytes were examined after 10 days of treatment with BC
(1%w/v) and CS (1%w/v). Cell dimension analyses were performed
measuring the major axis length during in vitro cell culture. In
particular, in order to quantify cell elongation, 10� cell images were
acquired from four non consecutive fields of view from each well.
During experiments, at least two operators observed the images and
pointed out six cells/field of view that were considered representa-
tive of the population, and the four that were highlighted by both
observers were then subjected to measurements. Overall at least four
cells per view-field for each of three independent experiments were
measured. The length of cellular major axis were measured using
Image-Pro1 Plus 5.1 software (Media Cybernetics). Next, analyses
from corresponding lengths of different samples were compared;
data were reported as average cell length (mm) a three different
passages (P2, P3, and P4).

FLUORESCENCE-ACTIVATED CELL SORTING (FACS)
Chondrocytes, treated with BC (1%w/v), CS (1%w/v), and untreated
(CTR) samples (at a density of 1� 105 cells/sample) at the second
passage of culture, were incubated with fluorescent-labeled
monoclonal antibody or respective isotype controls. The antibody
used was anti-collagen type II (COL2A1, AbCam). Secondary
antibody was anti-rabbit FITC (AbCam). For intracellular staining
of COL2A1, cells were processed using the Fix & Perm Kit
(Invitrogen) following the manufacturer0s guidelines. The fluores-
cence associated to the cells was measured using FITC channel and
calculated both as mean percentage of positivity for Type II collagen
and as mean fluorescence intensity (MFI) for each sample. All data
were acquired using FACS Aria III (BD) and analyzed using FCS
version 3 software.

IN VITRO CARTILAGE INFLAMMATION MODEL
To establish the inflammation in vitro model, we used human
chondrocytes primary cultures treated with IL-1b (10 ng/mL) a key
pro-inflammatory cytokine involved in the osteoarthritis (OA)
pathogenesis. A slight modification of the model described by
Calamia et al. [2010] was applied. In particular, 2.5� 104 cells/cm2

were seeded in 24 well tissue plates, when confluence of the cells
was reached the medium was changed to FBS free medium
containing biotechnological chondroitin (1%w/v) and/or chon-
droitin sulfate (1%w/v), nothing was added in the control wells.
Two hours later, IL-1b was added at 10 ng/mL to each well, except
for the negative control wells (at least three per trial) and
multiwells were incubated 24 h. In order to evaluate cell response
in the diverse conditions of this in vitro inflammation assay,
supernatants were collected for cytokines multiplex analyses.
Beside oxidative stress of cells was also evaluated through gene
expression quantification (RT-PCR) of the enzyme superoxide
dismutase 2 (SOD-2) from cell extracts. The method is described in
the successive paragraph.

QUANTITATIVE GENE EXPRESSION BY REAL-TIME PCR
To evaluate changes in gene expression profile, total RNA from
primary chondrocytes of serial passages (n¼ 4) was analyzed. For

quantitative real time PCR, 2.5� 104 cells/cm2, that correspond to
50,000 cells/well, were used. Primary chondrocytes treated for 4, 7,
and 10 days with BC (1%w/v) and CS (1%w/v), were seeded in 24
well tissue plates, and total RNA was extracted using Trizol
Reagent (Invitrogen), following manufacturer0s instructions.
Briefly, 200mL of chloroform were added into the tube. The
mixture was then shaken vigorously for 10 s followed by 10min
incubation. Then, it was centrifuged for 15min at 4°C, 12.000g
resulting in the formation of three distinct layers: RNA, protein,
and DNA, respectively. The aqueous phase layer was carefully
transferred into a new tube for each sample. Five hundred
microliters of isopropanol were then mixed homogeneously into
the tube to precipitate total RNA. Total RNA extracted from the
samples were washed with 1.0mL 75% ethanol and centrifuged at
12,000g for 5min at 4°C. The supernatant was discharged and the
RNA pellet was air-dried for 25min. The precipitated pellet was
dissolved in 30mL nuclease free water (Sigma–Aldrich). The
concentration of RNA extracted was determined spectrophoto-
metrically using a Nanodrop Instrument (Celbio). One microgram
of total RNA was reversely transcribed into cDNA with Reverse
Transcription System Kit (Promega). Quantitative real-time PCR
was performed using IQTM SYBR1 Green Supermix (Bio-Rad
Laboratories) to evaluate cartilage-specific markers of aggrecan
core protein (AGN), type I (COL1A2) and type II collagen (COL2A1),
SOX-9 gene expression, and SOD-2 for IL-1b treatment. The
primer sequences were designed by Beacon DesignerTM software
(Bio-Rad Laboratories) and are shown in Table I. The expression of
specific mRNA was normalized compared to the level of the
housekeeping gene, human glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH). All reactions were carried out in triplicate.
The temperature of annealing and amplification protocol for each
primer pair is reported in Table I. The efficiency (between 80% and
110%) and specificity of each primer set was verified with the use
of a standard curve, Ct value versus serial dilution of total RNA
and the fold-change in gene expression was evaluated by using the
comparative threshold method (DDCt¼ difference of DCt between
treated cells and non-treated cells used as control) using Bio-Rad
iQ5 software (Bio-Rad Laboratories).

IMMUNOBLOTTING
Western blot analyses were performed following standard proce-
dures. After 10 days of treatment with BC (1%w/v) and CS (1%w/v),
chondrocytes were lysed in RIPA buffer (1�) (Cell Signaling
Technology). Protein concentration was determined using the
Bradford method [Bradford, 1976] and 60mg intracellular proteins
were loaded and resolved using 8% SDS–PAGE. The separated
proteins were then transferred to nitrocellulose membrane (Amer-
sham). The membrane was blocked in 5% milk, Tris-buffered saline
and 0.05% Tween-20. Primary antibodies to detect type II collagen
and type I collagen (Abcam) were used at 1:250 dilutions.
Immunoreactive bands were detected by chemiluminescence using
corresponding horseradish peroxidase-conjugated secondary anti-
body (Santacruz Biotechnology; 1:5000 dilutions) and reacted with
an ECL system (Chemicon-Millipore). Protein levels were normalized
with respect to the signal obtained with anti actin polyclonal
antibody (Santacruz Biotechnology; 1:500 dilutions). The
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semi-quantitative analysis of protein levels was carried out by the
Gel Doc 2000 UV System and the Gel Doc EZ Imager, using quantity
one software (Bio-Rad Laboratories).

IMMUNOHISTOCHEMICAL ANALYSIS
Immunohistochemistry for type II collagen (Abcam) was performed
on chondrocytes, treated with BC (1%w/v) and CS (1%w/v) and
untreated, at 2nd passage of culture at 4, 7, and 10 days of culture,
in 12 well plates and at 4th passage at 10 days of culture, fixed with
4% paraformaldehyde for 10min at 4°C, rinsed in PBS, and
permeabilizing with 0.1% Triton X-100 (Sigma–Aldrich). For
staining, the DAKO Cytomation En VisionþHRP kit AEC (DAKO)

was used according to manufacturer0s instructions. The type II
collagen antibody (AbCam) was diluted 1:50 in PBS and incubated
for 300 at 4°C. The nuclei were stained with hematoxylin, and the
cells were observed using an inverted light microscope (Nikon). For
Type II collagen quantification, TIFF images were analyzed with
ImageJ software.

IMMUNOFLUORESCENCE AND CONFOCAL MICROSCOPY
The nasal primary chondrocytes treated with BC (1%w/v) and CS
(1%w/v) for 10 days and maintained for two and four passages in
culture (p2 and p4), were fixed with 4% paraformaldehyde and
permeabilized in 0.2% Triton X-100 in PBS. The cells were then

TABLE I. Primer Sequences Used in Real-Time PCR for Quantitative Gene Expression Analysis

Gene Primer sequence Temperature of annealing (°C) Amplification protocol

GAPDH Forward: 50 TGCACCACCAACTGCTTAGC 30 55 95°C 10 s, 55°C 30 s, 72°C 3min, 40 cycles
Reverse: 50 GGCATGGACTGTGGTCATGAG 30

Aggrecan (AGN) Forward: 50 TCGAGGACAGCGAGGCC 30 56 95°C 10 s, 56°C 30 s, 72°C 3min, 40 cycles
Reverse: 50 TCGAGGGTGTAGCGTGTAGAG 30

Type I Collagen (COL1A1) Forward: 50 CAGCCGCTTCACCTACAGC 30 56 95°C 10 s, 56°C 30 s, 72°C 3min, 40 cycles
Reverse: 50 TTTGTATTCAATCACTGTCTTGCC 30

Type II Collagen (COL2A1) Forward: 50 CAACACTGCCAACGTCCAGAT 30 57 95°C 10 s, 57°C 30 s, 72°C 3min, 40 cycles
Reverse: 50 CTGCTTCGTCCAGATAGGCAA 30

SOX9 Forward: 50 AGACCTTTGGGATGCCTTAT 30 55 95°C 10 s, 55°C 30 s, 72°C 3min, 40 cycles
Reverse: 50 TAGCCTCCCTCACTCCAAGA 30

SOD-2 Forward: 50 CTGGACAAACCTCAGCCCTA 30 55 95°C 10 s, 55°C 30 s, 72°C 3min, 40 cycles
Reverse: 50 TGATGGCTTCCAGCAACTC 30

Fig. 1. A: Representative micrographs pictures relative to cell growth in time lapse experiments at 0, 24, 48, and 72 of treatment with biotechnological chondroitin (BC 1%w/v)
and chondroitin sulfate (CS 1%w/v). B: Proliferation curves for nasoseptal chondrocytes. The cells growth was obtained analyzing, by counting, three different wells for each
treatment (Untreated-cells¼ CTR), biotechnological chondroitin (BC 1%w/v) and chondroitin sulfate (CS 1%w/v) of the five different experiments. Data shown are means� SD
(P< 0.05).
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incubated with anti-type I collagen antibody (Abcam) overnight at
4°C followed by a corresponding secondary antibody for 2 h at room
temperature. Nuclei were stained with 20-(4-hydroxyphenyl)-5-(4-
methyl-1-piperazinyl)-2,50-bi-1H-benzimidazole trihydrochloride
hydrate, bisBenzimide (Hoechst, Sigma–Aldrich). Fluorescence
images were captured using the confocal system (Zeiss).

BIO-PLEX ASSAY
In order to evaluate inflammation in vitro chondrocytes were
insulted by the addition of IL-1b 50 ng/mL and after 24 h added with
BC or CS at 1%w/v, except for the control wells. Cell supernatants
were collected after 24h, centrifuged (3,000 rpm for 10min at 4°C)
and stored at �80°C until analyzed. Cytokines were evaluated using
multiplex biometric ELISA-based immunoassay, containing dyed
microspheres conjugated with a monoclonal antibody specific for a
target protein (Bio-plex, Bio-Rad Lab, Milan Italy). Cytokines
production was quantified using 8-plex immunoassay panel: IL-2,
IL-4, IL-6, IL-8, IL-10, GM-CSF, IFN-g, and TNF-a. Each experiment
was performed in triplicate and cytokines levels of all targets were
determined using a Bio-Plex array reader (Luminex, Austin, TX). The
analytic concentrations were calculated using a standard curve
according to the manufacturer0s instructions.

STATISTICAL ANALYSIS
All experimentswere performed in triplicate. Student0s t-testwas used
for statistical evaluation. The level of significance was set at P< 0.05.

RESULTS

HUMAN PRIMARY CHONDROCYTE CELL LINES
Primary chondrocyte cell lines were obtained from digested samples.
In standard medium, without CS and BC addition, after 24 h of

culture, cells adhered to the bottom of the flask and acquired
polygonal morphology (data not shown). This feature was main-
tained up to the 4th passage. Then, cells changed their morphology,
becoming fibroblast-like. At 1st passage of culture, the cells were
analyzed for type II collagen both at flow cytometry and
immunohistochemistry. All samples tested were positive for type
II collagen indicating chondrocytes lineage (data not shown—
Supplementary Material Fig. S1).

CELL GROWTH AND CHONDROCYTE SIZE ANALYSES
To evaluate the effect of BC versus CS on chondrocytes proliferation,
cell growth curves were performed (Fig. 1). CS promoted prolifera-
tion at early stages (up to 12–15 h), while BC exerted amore powerful
stimulus after 24 h of incubation. In fact, at 24 h, CS treated wells
increased cell number of 1.3-fold while BC treated chondrocytes
incresead twofold; proliferation ratewas also compared and found to
be statistically superior for BC treated samples (P< 0.05). On the
contrary, at later stages of culture (from 24 to 96 h), BC treated
chondrocytes nearly reached confluence respect to both untreated
and CS treated cells covering only 52� 5% of each well area
(Fig. 1A). In fact, the average doubling time was of approximately

Fig. 2. Comparative cell dimensions analysis relative to major axis between chondrocytes cultured a three different passages (p2, p3, p4) in presence of biotechnological
chondroitin (BC 1%w/v) and chondroitin sulfate (CS 1%w/v) after 7 days of treatment. The data represent mean� SD of three independent experiments. The groups (BC at
passage 2 and 3 respect to control) are significantly different according to Student0s t-test (�P< 0.01) and (CS passage 2 respect to control) (��P< 0.05).

TABLE II. Type II Collagen Expression on Untreated BC and CS
Human Primary Chondrocytes

Type II collagen expression

Mean percentage (%) MFI P-value

Untreated chondrocytes 78.90� 1.1 51,61
BC treated
chondrocytes

93.1� 2.2 69,7 0,001

CS treated chondrocytes 80.07� 1.0 21,84 0,05

P-value is calculated respect to untreated chondrocytes.
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68� 4 h for control 40� 3 h for BC treatment and 56� 3 h for CS
treated ones (Fig. 1B). Cellular proliferation trend was confirmed by
quantitative cell viability assay (data not shown) up to 7 days. MTT
test results showed that BC slightly but significantly improved cell
growth (110% vs. control), while CS was comparable to the control;
however, it was noticed that both GAGs preserved the phenotype
while untreated chondrocytes at 7 days already showed a
morphological change (data not shown). These changes were also

evaluated measuring the major axis of chondrocytes during culture
at increasing time intervals. Image analyses showed that at
increasing passages, (from 2 to 4), untreated and CS treated cells
were elongated: a morphological sign of the differentiation toward
fibroblast-like phenotype. On the contrary, BC treated cells
maintained a polygonal shape with a measure of major axis
significantly lower than those of untreated and CS treated cells (4th
passage of culture, 137.0mm BC vs. 164.5mm CS) (Fig. 2).

Fig. 3. Flow cytometry. Type II collagen expression on untreated, BC-treated and CS-treated chondrocytes at 2° passage by flow cytometry. BC-treated chondrocytes express
type II collagen levels greater than both untreated and CS-treated chondrocytes.

Fig. 4. Quantitative RT-PCR analysis of the expression levels respectively of Aggrecan (AGN), type I collagen (COL1A1), type II collagen (COL2A1), and SOX-9 mRNA in the
chondrocytes monolayer at passages 2 (p2), 3 (p3), and 4 (p4). The histogram reported the mean of six different experiments performed in triplicate. The groups (BC respect to
IL-1b and BC respect to CS) are significantly different according to Student0s t-test (#P< 0.01 and �P< 0.05).
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FACS ANALYSES
To assess the effect of BC versus CS on type II collagen expression,
cytometric analyses at 2nd passage after 10 days of culture was
performed. The results showed that the mean percentage of cells
expressing type II collagen was 78.90� 1.1% for untreated primary
chondrocytes, 93.1� 2.2% for BC treated primary chondrocytes and
80.07� 1.0% for CS treated primary chondrocytes indicating that BC
induced an increase of type II collagen expression levels compared to
CS as reported in Table II and Figure 3. In particular, the differences
were statistically significant for BC treatment compared to untreated
cells (P¼ 0.001).

QUANTITATIVE RT-PCR ANALYSIS
Aggrecan, types I and II collagen are main components of ECM of
cartilages as well as Sox9 plays a key role in chondrogenesis. In order
to evaluate the effect of BC and CS on these biomarkers, qRT-PCR
was performed. Molecular analyses showed that independently from

the age of the culture, BC induced an increase of AGN mRNA levels
that were higher than those of CS and untreated samples. In
particular, at 2nd and 4th passages, AGN was highly expressed for
BC and decreased in time. At 3rd passage, no difference in AGN
levels for the diverse treatment was detectable at 4 and 7 days. On the
contrary, at 10 days, their levels were strongly increased in BC
treated chondrocytes (Fig. 4). COL2A1 expression levels were always
higher than COL1A1, confirming chondrocyte phenotype. In
particular, at the 2nd passage, at 4 days of culture, no significant
differences in COL2A1 gene expression were observed between BC
and CS. At 7 days, BC induced higher COL2A1 expression as well as
at 10 days respect to the others. At 3rd passage, at all the time
intervals observed BC promoted an increase of COL2A1 levels respect
to CS. At 4th passage, similar expression trend for COL2A1 between
BC and CS were detectable at 7 days, the 10 days results showed a
higher expression for COL1A1 (always lower than the control),
indicating a progressive phenotype modification occurring even in

Fig. 5. A: Representative western blot analysis of COL2A1, COL1A1 and actin housekeeping protein levels in chondrocytes (BC 1%w/v) and (CS 1%w/v) treated samples, after
10 days of treatment, compared to the control at passages 2 and 4. B: In order to measure protein expression levels (types I and II collagen), intensities of specific bands,
corresponding to the proteins of interest are measured using commercially available software (Image J software). The histogram reported the mean of three different experiments
performed in duplicate.
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CS and BC treated samples (Fig. 4). Further analyses concerned Sox9,
an important marker for activation of the COL2A1 gene during
chondrogenesis in both human and mouse primary cells [Bell et al.,
1997]. At 2nd passage, Sox9 gene expression was lower in BC than
CS treated cells at 4 days. For 7 and 10 days, on the contrary, higher

levels were observed in BC treated cells. At 3rd and passage, Sox9
levels were higher for treated samples respect to control only at 4
and 7 days of culture, respectively.

In OA in vitro model, IL-1b-induced SOD-2 gene expression
and this was modulated by biotechnological chondroitin and

Fig. 6. A: Immunohistochemical analysis,figure of Histology. Immunohistochemistry for type II collagen expression on untreated, BC-treated and CS-treated chondrocytes at 2°
passage at 4, 7, and 10 days. BC treated chondrocytes express type II collagen levels greater than both untreated and CS treated chondrocytes with formation of ECM. Untreated
and CS-treated chondrocytes show a type II collagen distribution especially on surface of cell membrane and the shape of these cells results to be more fibroblast than polygonal.
B: Quantification of type II collagen by Image J software, the graph showed the mean of two different experiments.
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chondroitin sulfate addition in the medium. In particular data
showed an up-regulation of SOD-2 (data not shown—Supplemen-
tary Material Fig. S2) when the chondrocytes were treated with
IL-1b both glycosaminoglycans proved able to reduce SOD-2
expression with a higher significance for BCs (P< 0.01 BC group
respect to IL-1b).

IMMUNOBLOTTING ANALYSIS
Western blot analysis revealed a slight increase in type II collagen
protein level in BC (1%w/v) treated samples compared with control
and CS 1% (w/v) at 4th passage after 10 days of treatment
(densitometry evaluated a 1.2-fold increase of BC respect to CS
treated samples), but more interestingly it was found a remarkable
lower collagen I level for BC treated cells (Fig. 5A and B). Western
blot analyses are performed on chondrocytes treated with BC
(1%w/v) and CS (1%w/v) at p2 and p4 of culture. Our results showed
that at 2nd passage BC significantly increase COLII expression
(10-fold increase respect to CTR) and CS significantly increase COLI
levels (eightfold increase respect to CTR). However, at 4th passage,
only a slight increase in COLII protein level was found for BC treated
samples compared with CS and control after 10 days of incubation
(densitometry evaluated a 1.2-fold increase of BC respect to CS
treated samples). Interestingly, it was found a remarkable lower of
COLI level for BC treated cells (Fig. 5A and B).

IMMUNOHISTOCHEMICAL ANALYSIS
Immunohistochemical experiments performed at 2° and 4° passage
of culture at 4, 7, and 10 days showed that all cells, independently
from time of culture, passage and treatment, expressed type II
collagen. In particular, both at 2° and 4° passage of culture, BC
treated chondrocytes showed a localization of type II collagen not
only on surface of the cell membrane but also in the cytoplasm with
formation of ECM increasing with culture time (Fig. 6 and data not

shown—Supplementary Material Fig. S3). On the contrary, both
untreated and CS treated chondrocytes showed a distribution of
type II collagen especially on surface of cell membrane and not in
cytoplasm without formation of ECM with time (Fig. 6A). Moreover,
BC induced also an increase of type II Collagen expression compared
to those of CS and untreated cells (Fig. 6B).

IL-1b-TREATED CHONDROCYTES: COMPARISON OF CYTOKINE
PRODUCTION IN BC AND CS PRETREATED CELLS RESPECT
TO CONTROL
In order to evaluate the effect of BC and CS on inflammation, bio-
plex assay (Fig. 7) was used to analyze cytokine levels (pg/mL) in
IL-1b-treated chondrocytes with or without GAG addition. Among
the 8 cytokines evaluated the ones that were not statistically
different from the control are not shown. Our results proved that in
the inflammatory in vitro model both BC and CS, reduced the
effects of IL-1b on primary chondrocytes. In particular, IL-2 was
significantly reduced (2.4- and 1.9-fold) when the cells are treated
with BC and CS, respectively; IL-4 decreased 3.4-fold for BC
and 2.6-fold for CS pre-treatments, respectively; IFNg (2.8- and
2.1-fold) and TNF-a (three- and twofold, respectively). All these
cytokines were significantly (P< 0.01) reduced in presence of BC
and CS respect to the negative control that resemble the OA
pathology in vitro.

IMMUNOFLUORESCENCE ANALYSIS
To further determine the expression level of type I collagen and
cytoplasmatic distribution, BC and CS treated chondrocytes, were
observed at confocal microscopy for immunofluorescence analyses.
Pictures showed that CS promoted major distribution of the protein
into the cytoplasm of cells, respect to the control and BC treated cells
(Fig. 8). The figure clearly provide evidence of an increase of
expression of type I collagen in chondrocytes at the 4th passage

Fig. 7. Cytokines production assay in chondrocytes cell supernatants. We reported the significant molecule levels in the control (untreated cells), in IL-1b and in BC (1%w/w)
and in CS (1%w/w) treatments. The graph showed the mean of two experiments performed in triplicate. The groups (BC and CS respect to IL-1b) are significantly different
(�P< 0.01 and §P< 0.05) and BC groups respect to CS in according to Student0s t-test (#P< 0.05 and þP< 0.01).
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respect to the 2nd, further supporting a different pattern of matrix
formation and behavior in presence of CS and BC and at different
passage of culture.

DISCUSSION

Cartilage injuries are highly prevalent in both young and elderly
patient populations; hormonal, genetic, and inflammatory factors
are known to increase the risk of osteoarthritis and influence the
course of the disease. Cell-based cartilage tissue engineering could
provide permanent solutions in therapeutic applications to treat
cartilage lesions and osteo-chondral pathologies [Saadeh et al.,
1999; Fuentes-Boquete et al., 2008; Do Amaral et al., 2012].
Advances in alternative approaches, such as the optimization of
chondrocyte isolation and characterization in vitro, represent the
potential prospective to translate the in vitro models of cartilage
regeneration into clinical practice [Shafiee et al., 2011; Oseni et al.,
2013]. Recent evidence for osteoarthritis treatment supports the
effectiveness of new medical devices combining chondroitin sulfate
and hyaluronan. Therapy based on CS-HA intra-articular injections
in both humans [Chen et al., 2011] and animals [Kwan et al.,
2010] have changed the approach on the treatment of the disease,
conferring a therapeutic outcome via anti-inflammatory mediated

mechanisms [Altman, 2010]. Recently in according to the study of
Ferro et al. [2012], in the human bladder cancer, the use of CS in
combination with traditional drugs could increase the anti-tumor
activity of these drugs in order to reduce their active concentrations
and their toxic side effects.

In this study, we explored the efficacy of a new chondroitin
obtained from biotechnological process (BC) compared to commer-
cial chondroitin sulfate (CS) using in vitro expansion of human nasal
cartilage derived cells [Hochberg et al., 2013]. This new available
biotechnological chondroitin is produced by fermentation and is
extensively purified in our laboratories [Schiraldi et al., 2010].
Although chondrocytes dedifferentiate during in vitro monolayer
culture [Matmati et al., 2013], a biochemical relationship between
the degree of chondrocytes dedifferentiation and their correspond-
ing morphology, gene expression profile and proliferation rates is
reported in this research. In fact, chondrocytes dedifferentiate
gradually changing their structure from a spherical to a spindle-
shaped morphology and develop a fibroblast-like aspect producing
type I collagen and not type II collagen, normally found in articular
cartilage [Munirah et al., 2010; Sheu et al., 2013]. This needs to be
prevented for clinical applications, when chondrocytes, isolated
from patients, need to be expanded for subsequent surgical
replacement using biomimetic scaffolds, on engineered tissues
[Shakibaei et al., 2006]. In fact, autologous chondrocyte

Fig. 8. Confocal microscopy images. Type I collagen expression (red) in human primary nasal chondrocytes (untreated cells¼ control) treated with biotechnological chondroitin
(BC 1%w/v) and chondroitin sulfate (CS 1%w/v). Cytoplasmatic distribution of type I collagen in chondrocytes at different passages of culture (p2–p4), after 10 days of
treatment, was determined by immunofluorescnce as described above.
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transplantation (ACT) based on the association of biomaterials with
autologous chondrocytes expanded in vitro is used to repair cartilage
[Rutgers et al., 2013], but either the limited source of healthy primary
cells and/or dedifferentiation of cells may lead to the failure of tissue
repair [Kawasaki et al., 1999; Marlovits et al., 2004]. In this study,
first of all, we characterized the cells derived from human nasal
septum using type II collagen in order to select only chondrocytes
[Benya et al., 1978]. Then, we analyzed the cell growth, dimensions,
and specific biomarkers of chondrocyte phenotype when either BC or
CS were used to supplement the culture medium. Overall, our study
aimed at evaluating the potential effectiveness of the biotechnolog-
ical chondroitin, respect to the well-known CS to restore the
chondrogenic phenotype considering the limited intrinsic healing
property of the cartilage itself [Hicks et al., 2005; Lim et al., 2014;
Demoor et al., 2014]. In proliferation studies, CS powers cell
doubling compared to controls and even to BC, but this effect lasted
only 15 h, whereas a prolonged effect was found for BC. The latter is
un-sulfated, similar to hyaluronan, this could allow different
interaction with receptors also promoting diverse cell response.
Another interesting result proved that CS and BC supplementation
increased type II collagen expression in primary chondrocytes thus
better preserving cell type, BC was effective up to P4 10 days of
culture. In addition, BC supplement proved superior for the
maintenance of chondrogenic phenotype at both morphological
and biomarkers level. Molecular studies are complementary to
cellular, histological/morphological ones. SOX factors bind to a
COL2A1 enhancer segment regulating type II collagen expression
during chondrogenesis and chondrocitic in vitro differentiation
[Stokes et al., 2001; Kypriotou et al., 2003]. In this study, SOX-9
transcription factor was activated and over-expressed in BC and CS
treated samples according to the results obtained for COL2A1. It
should be underlined that the biomarker expression trends for the
4th passage at 10 days may suffer by the cell confluence that is
reached at 5� 1 days for BC treated wells and only at 9� 1 for CS
and control.

Well assessed in vitro model are also useful to predict to a certain
extent the efficacy of novel molecules in vivo. Besides, the
administration of glucosamine and chondroitin sulfate to patients
affected by OAwas shown to improve the production of synovial HA
and then clarify the immediate clinical responses [David-Raoudi
et al., 2009; Campo et al., 2013].

Our results showed that both BC and CS decrease oxidative stress.
In particular, BC significantly reduced SOD-2 expression level (data
not shown, Supplementary Material). In vitro studies described the
anti-inflammatory and the anti-oxidant activity of glucosamine
compared to chondroitin sulfate [Calamia et al., 2010]. Exploiting a
similar cell based model here we compared BC and CS as anti-
inflammatory molecules. To induce inflammation, chondrocytes
were treated with IL-1b and when cells were in contact with BC and
CS the inflammatory response was significantly reduced. In addition,
our data showed a down regulation of IL-2, IL-4, IFNg, and TNFa, in
cell treated with BC, superior to the one found for CS.

In conclusion, our results suggest that BC (i) increase cell
proliferation contemporarily preserving cell phenotype by exert-
ing a beneficial effect on type II collagen expression up to 10 days
of incubation; (ii) enhances their lifespan as demonstrated by the

prevalence of chondrocyte phenotype after serial culture passages
(p4); (iii) BC confirmed its biological activity respect to
inflammation. Specifically, BC is better than CS in the reduction
of cytokines levels in chondrocyte inflammation model in vitro.
The outcomes of this research support the remarkable biotechno-
logical chondroitin importance in translational medicine:
its bioactivity can find numerous applications in medical-devices
and pharmaceutical preparations aiming at cartilage pathology
treatments.
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