
Biomaterials - Engineering Cell Behavior

Comparative Study of Electrospun Scaffolds Containing Native GAGs

and a GAG Mimetic for Human Mesenchymal Stem Cell Chondrogenesis

ROSELINE MENEZES and TREENA L. ARINZEH

Department of Biomedical Engineering, New Jersey Institute of Technology, University Heights, Newark, NJ 07102, USA

(Received 27 November 2019; accepted 24 March 2020; published online 13 April 2020)

Associate Editor Jennifer West oversaw the review of this article.

Abstract—Articular cartilage has limited healing and self-
repair capability. Damage to articular cartilage becomes
irreversible leading to osteoarthritis, which can impact a
person’s quality of life. Approximately, 5–10% of cartilage
tissue is made up of sulfated glycosaminoglycans (GAGs),
which sequester growth factors as well as provide structural
integrity to the native cartilage tissue. This study evaluated
the chondrogenic differentiation of human mesenchymal
stem cells (MSCs) on gelatin-based scaffolds containing
partially sulfated cellulose (pSC), a GAG mimetic derived
from cellulose, in comparison to native GAGs, chondroitin
sulfate-A (CS-A) and chondroitin sulfate-C (CS-C), where
pSC has similarity to CS-C in terms of degree and pattern of
sulfation. Scaffolds were prepared by electrospinning gelatin
with pSC or the native GAGs. All scaffolds consist of fibers
having average diameters of approximately 3 lm and inter-
fiber spacing of approximately 30 lm and were hydrolyti-
cally stable throughout the culture. MSCs cultured on pSC
containing scaffolds showed early production of sulfated
GAGs and higher collagen type II to type I ratio than native
GAGs. Among the native GAGs, chondrogenesis was
promoted to a greater extent for CS-C in comparison to
CS-A containing scaffolds, which suggests the pattern of
sulfation impacts chondrogenesis. Partially sulfated cellulose
could be used as a potential GAG mimic for cartilage tissue
engineering applications.
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INTRODUCTION

Adult cartilage tissue has been shown to have limi-
tations in intrinsic healing or self-repair.4,39 Various
surgical techniques have been implemented in treat-
ment and restoration of injured articular cartilage tis-
sue, including abrasion arthroplasty, microfracture,
drilling, osteochondral autograft or allograft trans-
plantation and autologous chondrocyte implanta-
tion.11 These methods have not proven to be
completely effective since they have resulted in for-
mation of mechanically inferior fibrocartilage.32 The
extracellular matrix of cartilage is made up of collagen
type II and proteoglycans. Proteoglycans make up 10–
15% of cartilage tissue and are composed of 5% pro-
tein and 95% glycosaminoglycans (GAGs).39,41 The
major GAGs found in articular cartilage are hya-
luronic acid, chondroitin sulfate, keratan sulfate, der-
matan sulfate and heparan sulfate.6,45 GAGs play an
important role in cell signaling, proliferation and dif-
ferentiation. Sulfated GAGs, chondroitin sulfates (CS-
A, CS-C, CS-E), heparin, heparan sulfate and der-
matan sulfate, have been used for studies in promoting
chondrogenesis5,8–10,23,43,46 and may have potential for
use for cartilage tissue engineering strategies. However,
native GAGs have limited availability and lack
homogeneity when isolated from native tissues.

Cellulose is a linear polysaccharide abundantly
found in nature and could be modified via sulfation to
form cellulose sulfate. Cellulose sulfate has been used
for a variety of biomedical applications such as an
anticoagulant, antiviral agent, microbicide, contra-
ceptive agent1,14,24,40 and for encapsulating cells.36

Since the chemical structure of cellulose sulfate is
known to mimic that of natural sulfated GAGs such as
CS-C (Fig. 1), it has been used as GAG mimetic for
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cartilage tissue engineering approaches and supports
chondrogenic differentiation of mesenchymal stem
cells.16,17

In this study, partially sulfated cellulose (sulfated
predominantly at 6-carbon position on the glucose
monomer unit, pSC) incorporated in fibrous gelatin
scaffolds was investigated for its effect on the chon-
drogenic differentiation of human mesenchymal stem
cells (MSCs). This was compared to gelatin fibers
containing commercially available chondroitin sulfates
(CS-A, which is sulfated mainly at the 4-carbon posi-
tion of the monosaccharide unit and CS-C sulfated
mainly at 6-carbon position of the monosaccharide
unit). Gelatin was chosen since it provides sites for
cellular attachment. This study is the first study to
compare the chondro-inductive nature of cellulose
sulfate in comparison to native GAGs as a potential
GAG mimetic for cartilage tissue engineering appli-
cations.

MATERIALS AND METHODS

Materials

Gelatin type B, from bovine skin (Sigma, St Louis,
MO, USA); chondroitin sulfate A sodium salt from
bovine trachea (CS-A, Sigma), chondroitin sulfate so-
dium salt from shark cartilage (CS-C, Sigma), sodium
cellulose (pSC, prepared as published16). Ethanol (200
proof, Sigma), N-(3-Dimethylaminopropyl)-N’-ethyl
carbodiimide (EDC) (Sigma), N-hydroxysulfosuccin-
imide (NHS) (Sigma); Human bone marrow (Lonza,
Walkersville, MD, USA); tissue culture polystyrene
flasks (NunC, (Fisher Scientific, Waltham, MA, USA);
Dubelcco’s Modified Eagle’s Medium (DMEM, Fisher
Scientific), fetal bovine serum (Hyclone, Fisher Scien-
tific) and antibiotic–antimycotic (Fisher Scientific);
trypsin (Fisher Scientific); polypropylene 96-well plates
(Fisher Scientific); DMEM high glucose containing
4 mM L-glutamine (Fisher Scientific), Dexamethasone
(Sigma), Ascorbic acid-2-phosphate (Wako Chemicals,

Richmond, VA, USA), ITS + Premix Culture Sup-
plement (Corning, Teterboro, NJ, USA), Sodium
Pyruvate (Sigma), Proline (Sigma), Transforming
Growth Factor-Beta 3 (TGF-b3, ProSpec, Israel);
Quant-iT dsDNA Picogreen Assay Kit (Fisher Scien-
tific); Papain (Sigma); Triton X-100 (Sigma); TE buffer
(Invitrogen); paraformaldehyde (Sigma); donkey ser-
um (Sigma); monoclonal rabbit anti-human collagen
type II antibody (EMD Millipore, Burlington, MA,
USA), polyclonal rabbit anti-human aggrecan (Ab-
cam, Cambridge, MA, USA), donkey anti-rabbit Im-
munoglobin G conjugated to Alexa Fluor 488 (EMD
Millipore); rhodamine phalloidin (Fisher Scientific);
4¢,6-diamidino-2-phenylindole (DAPI, Fisher Scien-
tific); 1,9-dimethylmethylene blue dye (DMMB, Sig-
ma); QuantiTect SYBR Green RT-PCR Kit (Qiagen,
Hilden, Germany); RNeasy Micro Kit (Qiagen); Col-
lagen type II ELISA kit (Chondrex, Redmond, WA,
USA); Collagen type I ELISA kit (Chondrex).

pSC was characterized for molecular weight, degree
of sulfation and sulfate position, as previously
described.25 pSC had a molecular weight of 365 kDa,
degree of sulfation per monosaccharide unit of 0.5 and
sulfate position predominantly at the 6-carbon posi-
tion of the glucose monomer unit. CS-A and CS-C had
a molecular weight of 34 kDa and 50 kDa, respec-
tively, and degree of sulfation of 0.32 and 0.54,
respectively. For the sulfate positions, CS-C, derived
from shark cartilage, is a mixture of CS-4 (CS-A), CS-6
(CS-C), and CS-2,6 (CS-D) in a 1:1:1 ratio where the
sulfate positions are at the 4-, 6- and 2- and 6-carbon
positions of the disaccharide unit, respectively. CS-A
from bovine trachea is a mixture of CS-A and CS-C in
a 2:1 ratio where the sulfate positions occur at the 4-
and 6-carbon positions of the disaccharide unit,
respectively, as previously described.25

Fabrication of Scaffolds

Gelatin scaffolds containing 5 w/w% native GAGs
(CS-A, CS-C) and pSC were fabricated using previ-

FIGURE 1. Idealized chemical structure of chondroitin sulfates (CS-A, CS-C) and partially sulfated sodium cellulose (pSC).
Glc—glucose, GlcUA—glucuronic acid, GalNAc—N-acetyl-D-galactosamine.
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ously published protocols.16,17 Briefly, solutions con-
taining 24 w/w% gelatin and the different GAGs in
deionized water (DI water) were prepared by mixing in
60 �C water bath. Gelatin only solutions were also
prepared similarly. For electrospinning, the syringe
containing the gelatin-GAG solution was maintained
at 60 �C using a heating chamber. The solution was
charged by applying a voltage of 40 kV to a 14-gauge
needle attached to the syringe containing the solution
as the solution is being ejected at flow rate of 6.5 ml/
hour. A negative voltage charge of 20 kV was applied
to a flat collector plate to allow the electrospinning of
the gelatin solution onto the collector. Approximately,
30 cm distance was maintained between the needle and
the collector. Optimum humidity of 25–30% and
temperature of 24 �C was maintained in the electro-
spinning chamber throughout the process. Scaffolds
were crosslinked using N-(3-dimethyl aminopropyl)-
N’-ethyl carbodiimide (EDC) with N-hydroxysuc-
ciamide (NHS) for 96 h, followed by immersion in
0.1 M sodium phosphate dibasic (Fisher Scientific)
containing solution for two hours to remove byprod-
ucts of the crosslinker and then, washed with DI water
thrice. All steps were performed at room temperature.
The scaffolds were allowed to air dry until use. The
scaffold thickness of hydrated scaffolds for all further
analyses was approximately 0.2 ± 0.05 mm, as mea-
sured using a caliper (VWR Traceable digital caliper).

Scaffold Morphology

The dried scaffolds were hydrated in 1 9 Dulbecco
Phosphate Buffer Saline (PBS, Invitrogen) for one
hour and then lyophilized until completely dried. They
were further sputter coated with gold palladium (EMS
150 TES, PA, USA) and viewed using a Scanning
Electron Microscope (SEM, LEO 1530 Gemini, Ger-
many) with accelerating voltage of 2-3 kV and working
distance of 4 to 9 mm. The average fiber diameter was
determined by measuring diameters of 80 fibers (16
fibers of n = 5 per scaffold) of each scaffold type from
the images obtained from SEM using ImageJ software
(National Institute of Health, MD, USA). The inter-
fiber spacing was measured by measuring the voids
created by three intersecting fibers. Eighty inter-fiber
spaces (16 for n = 5 per scaffold) for each scaffold
were measured and their average was determined as the
inter-fiber spacing. The porosity of the scaffold was
measured as follows.

ð1Þ

where is the density of the scaffold (mass of
scaffold divided by total volume) and raw is relative

density of the gelatin which is approximately 1.4 g/
cm3.

Scaffold Mechanical Properties

Tensile and compression testing was used to evalu-
ate mechanical properties of the scaffolds. Tensile
testing of the scaffolds was performed as described
previously16–19 to determine ultimate tensile stress and
elastic modulus. Briefly, all samples were hydrated in
PBS for 1 h prior to testing. The hydrated samples
were cut into rectangular strips of 5 mm width and
15 mm length. The samples were then mounted onto a
customized holder having a 5 mm*5 mm cutout of the
testing area to avoid slippage or damage from the grips
where the gauge length was 5 mm. The tensile testing
was conducted using a crosshead speed of 5 mm/min
at room temperature using an Instron Model 3342
(Instron, MA). The compressive elastic modulus and
stress at 10% strain of the samples were determined
using TA Electroforce� 3100 (TA Instruments, TA
Electroforce Group, Eden Priarie, MN, USA). The
scaffolds were hydrated in PBS for an hour and cut in
6 mm discs using biopsy punches. They were stacked
to 0.4 mm thickness for evaluation. Compression
testing was performed at 10% strain at equilibrium. A
sample size of 10 per group was tested for both tensile
and compression testing.

Characterizing the Presence of the Sulfated GAGs
in the Fibers

The presence of the sulfated GAG in the fibers was
detected using Fourier transform infrared-attenuated
total reflectance analysis (FTIR-ATR, Perkin-Elmer,
Shelton, CT, USA) and energy-dispersive X-ray
(EDX) spectroscopy (SEM–EDX; Inca analyzer, Ox-
ford Instruments). The gold–palladium sputter coated
samples were analyzed using a high voltage of 5 kV in
vacuum to detect the presence of sulfur on the scaffold
fibers.

Hydrolytic Stability of the Scaffolds

The stability of the scaffolds in aqueous conditions
was determined since they are used in cell culture
conditions for up to 28 days. The scaffolds were ini-
tially hydrated in PBS and cut to 6 mm in diameter.
They were then dried and their dimensions (diameter
and thickness) and weight were measured. The scaf-
folds (n = 4) were then incubated in 100 ul PBS at
37 �C. PBS was changed at 10 min, 6 h, and 1, 2, 4, 7,
10, 14, 21 and 28 days. The weights and dimensions
were measured at all time points. Change in swelling
was measured as,
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Swelling% ¼ Whydrated �Winitial

Winitial
� 100 ð2Þ

where Whydrated is the weight of the hydrated scaffold
at each time point. Winitial is the initial dry weight of
each scaffold. Change in dimension was measured as
change in the cross-sectional area of hydrated scaffolds
as compared to the initial dry scaffolds. The change in
weight and dimension over time was reported as fold
change in comparison to 10 min of PBS incubation.

The dissolution of GAGs from the scaffold was
tested using the DMMB assay.12 The scaffolds (n = 5)
were incubated in PBS for 28 days. The PBS was col-
lected after days 1, 2, 4, 7, 10, 14, 21 and 28 and was
measured with respect to the standard curve obtained
for corresponding sulfated GAGs.

Evaluation of In Vitro Chondrogenesis on Scaffolds

Human MSCs were obtained from human bone
marrow aspirates (Lonza) from three male and female
donors, ages 18–30 years old, according to previous
published protocols and cryopreserved before use.20

Cryopreserved MSCs were thawed and expanded on
tissue culture polystyrene flasks (NunC, Rochester,
NY, USA) in general media (GM) comprised of
Dubelcco’s Modified Eagle’s Medium (DMEM, Gib-
co, Carlsbad, CA, USA), 10% fetal bovine serum
(FBS, Hyclone, Logan, UT, USA) and 1% 1 9 An-
tibiotic–Antimycotic (Gibco, Carlsbad, CA, USA)
until 70–80% confluent. MSCs, at passage 3, were
seeded on scaffolds, gelatin alone, and gelatin con-
taining pSC (Gel-pSC) CS-C, (Gel-CS-C), or CS-A
(Gel-CS-A). All scaffolds were sterilized by immersing
in 100% ethanol (Fisher Scientific, USA) for 20 min,
allowed to air dry overnight and washed three times
with PBS before cell seeding. Scaffolds were inserted
into low attachment polypropylene plates (96 well-
plates, Non-treated, Corning, UT, USA) for 6 mm
disks or ultra-low attachment 24 well-plates (Corning,
UT, USA) for 12 mm disks. MSCs were seeded on
scaffolds at 500,000 cells/mL in chondrogenesis
induction medium (CCM+) consisting of high-glucose
DMEM supplemented with 1 mM sodium pyruvate,
0.35 mM L-proline, 4 mM L-glutamine, 1% antibiotic–
antimycotic, 1% ITS-Premix consisting of insulin,
human transferrin and selenous acid and 10 ng/ml of
TGF-b3. Cultures were maintained for 28 days.
CCM + media was used throughout the culture peri-
od and was replaced every 3–4 days. The samples were
collected at days 1, 4, 7, 14 and 28 for assays. The
following experiments were performed thrice using
three different donors.

Cell Growth on Scaffolds

Cells were evaluated for cell growth on scaffolds at
days 14 and 28 using the Quant-iT dsDNA Picogreen
Assay Kit (Invitrogen). Four samples of each scaffold
were collected at each time point. Standards using
MSCs were prepared to quantify the cell number. The
samples and standards were incubated in Papain
(Sigma Aldrich) extraction solution overnight at 65 �C.
The picogreen reagent was diluted in 19 TE buffer
(1:200, Fisher Scientific, USA) and then further mixed
in equal amounts of lysate. The fluorescence intensity
of the samples was measured using fluorescence mi-
croplate reader (FLX800, Biotek instruments, VT,
USA) at 480 nm excitations and 520 nm emissions.
The number of cells was obtained by using a standard
curve relating fluorescent intensity with a known
number of MSCs.

GAG Production

The presence of GAGs was measured using 1,9-di-
methyl methylene blue (DMMB) assay at days 14 and
28. This assay is used to measure the amount of sul-
fated GAG as reported by Enobakhare et al.12 The
papain digested samples used for the pico green assay
also was used to detect the sulfated GAG in each
sample using the DMMB assay. The values of the
sulfated GAGs obtained in media and cells cultured on
the scaffolds were added and then subtracted from the
GAGs initially present in the scaffold before cell cul-
ture. Absorbances were measured at 595 nm using
spectrophotometer (Emax, Molecular Devices, San
Jose, CA). CS-A was used as a standard. N of 4 per
group was used.

Collagens Type I and II Production

Samples were evaluated for the production of col-
lagen types I and II using the ELISA method for
human collagens type I and II at day 28 according to
the manufacturer’s protocol (Chondrex). Collagen
production was measured in the media and on the
scaffolds. Briefly, collagen was solubilized from the
scaffolds using pepsin digestion. This was followed by
incubating the sample in an elastase solution until the
sample was solubilized. The sample lysate was stored
at 2 20 �C until tested for ELISA. The ELISA plates
were read using a spectrophotometer (Emax, Molecu-
lar Devices, San Jose, CA) at 490 nm. Each sample
was run in triplicate. The ratio of Collagen type II to
Collagen type I was also determined.
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Gene Expression

Gene expression was determined using quantitative
reverse transcriptase polymerase chain reaction (qRT-
PCR), as previously described.16 The samples (n = 5
per group) were collected at days 4, 7, 14 and 28.
Briefly, samples were lysed in RNeasy lysis (RLT)
buffer (Qiagen, USA) using a soft tissue homogenizer
(Cole Parmer, IL, USA). RNA was extracted from the
tissue lysate using RNAeasy microkit (Qiagen, USA).
The reaction was performed using One Step Quan-
tiTect SYBR Green RT-PCR kit (Qiagen, USA) and
gene specific Quantitech Assay primers (Qiagen, USA).
The amount of RNA quantified per sample was 10 ng
per reaction and each sample was assayed in triplicate.
Real-Time instrument (Stratagene-Mx 3000P) was
used to process and quantify the reaction. The values
obtained were normalized to the housekeeping gene
ribosomal protein, large, PO (RPLPO) in the same
samples. The genes measured were matrix metallo-
proteinases (MMP2), sex-determining region Y- box9
(Sox9), Collagen type I (Col I), collagen type II (Col
II), Aggrecan (Agg), Chondroadherin (CHAD), Col-
lagen type X (Col X), vascular endothelial growth
factor (VEGF). MMP2 was measured at days 4, 7 and
14 since it is expressed early and decreases as MSCs
undergo chondrogenesis and is associated with matrix
remodeling.3,7 The remaining genes were measured at
days 7, 14, and 28. CHAD, VEGF and Col X are
expressed at late stages of differentiation and were
measured at days 14 and 28. VEGF and Col X are
associated with hypertrophy.28,30,31

Confocal Microscopy for Cell Morphology
and Immunostaining for Matrix Proteins

Samples were harvested at days 14 and 28 (n = 4
per group) and evaluated for cell morphology, distri-
bution and the production of collagen II and aggrecan
using immunofluorescence staining. The samples were
fixed using 4% paraformaldehyde (PFA) for 20 min.
This was followed by rinsing with PBS and incubating
the samples with 0.1% Triton-X 100 for 15 min to
permeabilize the cell membrane. The cultures were
blocked using 5% donkey serum (host of the sec-
ondary antibody) for one hour. After blocking the
samples, they were incubated with primary antibodies,
monoclonal rabbit anti-human collagen type 2 and
polyclonal rabbit anti-human aggrecan (1:500 dilution
in 1% BSA) overnight at 4 �C. The samples were
rinsed with PBS and then incubated with Alexa Fluor
488 conjugated donkey anti-rabbit immunoglobulin G
(1:1000 dilution in 1% BSA) for an hour. The
cytoskeleton was stained by incubating the samples
with 1:250 dilution of rhodamine-conjugated phal-

loidin which binds to F-actin filament of the
cytoskeleton. The nucleus was stained by 4¢-6-di-
amidino-2-phenylindole (DAPI, Invitrogen, USA)
prior to imaging. These samples were viewed using
fluorescence confocal microscope (Nikon C1, USA) at
9 20 magnification and images were rendered using
the NIS Elements software (Nikon).

Statistical Analysis

Statistical analysis was performed using multi-fac-
torial two-way analysis of variance (ANOVA) to
determine significant differences between groups and
time (p < 0.05). Shapiro Wilk test and Levene’s equal
variance test was used to determine the normality. The
multiple comparisons within groups were made using
Tukey’s posthoc test (p < 0.05). All the statistical
analysis was performed using GraphPad Prism (La
Jolla, CA, USA) software. Graphs were plotted using
either Microsoft excel, Origin or GraphPad Prism
software. All values are reported as mean ± standard
deviation.

RESULTS

Scaffold Morphology

Scaffolds were characterized for their fiber mor-
phology and inter-fiber spacing post cross-linking
using SEM images (Fig. 2). The scaffolds retained their
fibrous morphology post cross-linking. Table 1 sum-
marizes the fiber diameter, inter-fiber spacing and
porosity measurements for Gelatin as well as Gelatin
and GAG containing scaffolds. The average fiber
diameter for all the scaffolds was approximately 3 lm.
There was no significant difference in fiber diameter
between groups. The average inter-fiber spacing in all
the groups was approximately 30 lm without any
significant difference in between the groups. The
average porosity of the scaffold was approximately
80%.

Scaffold Mechanical Properties

Mechanical properties of cross-linked Gelatin and
Gelatin with GAGs are shown in Table 2. Gelatin
showed the lowest tensile properties in comparison to
the other scaffolds. No significant difference in elastic
modulus was detected among the GAG containing
gelatin scaffolds. No significant difference detected in
compressive mechanical properties for all the scaffolds
tested at 10% strain.
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Determining the Presence and Distribution of Sulfated
GAGs

FTIR was used to determine the presence of sul-
fated GAGs on the surface of the scaffolds. All elec-
trospun and crosslinked gelatin scaffolds showed
distinct amide I, II and III peaks at 1634 cm21,
1528 cm21 and 1238 cm21 (Fig. S.1).44 Also, all gelatin
scaffolds showed a distinct peak at 1449 cm21 which is
attributed to the presence of triple helical structure
native to collagen.44 Gelatin scaffolds containing sul-
fated GAGs showed loss of minimum around
1222 cm21- 1230 cm21 suggesting the emergence of a
sulfated peak. The presence of sulfated GAGs on the
surface of the gelatin fiber was also detected using
SEM–EDX elemental analysis. The scaffolds contain-
ing sulfated GAG and pSC showed the presence of a
sulfur peak which was not visible on the gelatin scaf-
fold (Fig. S.2).

Hydrolytic Stability

The initial swelling and change in dimension of
electrospun gelatin scaffolds and gelatin scaffolds
containing GAGs and pSC was evaluated by incubat-
ing scaffolds for 10 min at 37 �C in PBS. The change in
swelling and dimension is reported in Fig. 3. A large
change in dimension and swelling occurred for the
scaffolds after immersion in PBS in comparison to the
dry scaffolds. The Gelatin showed less swelling in
comparison to Gel-CS-A, Gel-CS-C and Gel-pSC
scaffolds. Among GAG containing scaffolds, Gel-CS-
A had the lowest % swelling. No statistical differences
in the change of dimension were detected for all scaf-
folds after 10 min in PBS.

The change in swelling and dimension until day 28
was reported as fold change with respect to values
obtained at 10 min of incubation in PBS (Fig. S.3).

FIGURE 2. SEM images of (a) gelatin (b) gel-CS-A (c) gel-CS-C (d) gel-pSC (3 5000 magnification, scale bar is 10 lm).

TABLE 1. Fiber diameter, inter-fiber spacing, and % porosity of gelatin scaffolds containing native GAGs and pSC.

Scaffolds Fiber diameter (lm) Inter-fiber spacing (lm) % porosity

Gelatin 2.41 ± 0.62 24.66 ± 7.40 81.27 ± 9.03

Gel-CS-A 2.85 ± 0.78 24.94 ± 5.94 84.55 ± 3.16

Gel-CS-C 2.50 ± 0.60 28.30 ± 4.80 88.18 ± 5.13

Gel-pSC 2.36 ± 0.76 26.06 ± 6.75 84.38 ± 6.08

TABLE 2. Mechanical properties of gelatin scaffolds containing native GAGs and pSC.

Scaffolds Ultimate tensile stress (kPa) Elastic modulus (kPa) Compressive stress at 10% strain (kPa) Compressive modulus (kPa)

Gelatin 40.25 ± 12.52* 120.56 ± 38.71* 2.37 ± 0.54 20.3 ± 5.8

Gel-CS-A 141.55 ± 54.85 230.3 ± 76.74 2.95 ± 0.52 20.86 ± 5.22

Gel-CS-C 127.31 ± 36.94 220.63 ± 39.08 2.17 ± 0.20 13.72 ± 2.33

Gel-pSC 136.17 ± 26.41 218.54 ± 61.36 2.83 ± 0.36 19.98 ± 3.29

Values represent mean ± standard deviation.
*Significantly different from Gel- CS-A, Gel-CS-C, Gel-pSC (p < 0.05).
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Significant differences were detected for swelling for
Gelatin at day 28 in comparison to 6 h (Fig. S.3A). No
differences in swelling were detected between GAGs
and pSC containing groups for all time points. No
differences were detected over 28 days for change in
dimension for all scaffolds (Fig. S.3B). The release of
the sulfated native GAGs and pSC from the gelatin
scaffolds over 28 days was analyzed using DMMB
assay. Approximately 20% of the total GAG was re-
leased from all three scaffolds by day 14 and remained
unchanged by day 28.

Cell Growth

A significant increase in cell number was observed
on gelatin and Gel-CS-A scaffolds from days 14 to 28
(Fig. 4a). No statistical differences were detected in cell
number between all scaffold groups by day 28.

Sulfated GAG Production

Cells on all scaffolds containing native GAGs had
similar production of sulfated GAGs per cell (Fig. 4b).
Highest production of sulfated GAG was observed for
cells on Gel-pSC group at day 14 in comparison to
cells on all other scaffolds. Also, cells on Gel-CS-C and
Gel-pSC scaffolds had similar production of sulfated
GAG which was higher than gelatin scaffolds at day
28. Cells on Gel-pSC scaffold produced higher sulfated
GAG in comparison to Gel-CS-A scaffold at day 28.

Gene Expression

Expression of MMP2 was evaluated on days 4, 7
and 14. Expression of MMP2 was significantly higher
on day 4 in comparison to day 14 for all scaffold
groups (Fig. 5a). Cells on gelatin and pSC containing

FIGURE 4. (a) Cell number on gelatin scaffolds and gelatin scaffolds containing native GAGs and pSC. (# significantly different
from day 14 (p < 0.05)), (b) sulfated glycosaminoglycans produced per cell on gelatin scaffold and gelatin scaffold containing
native GAGs and pSC. *Significantly greater than gelatin, gel-CS-A and gel-CS-C at day 14 (p < 0.05). **Significantly greater than
gelatin (p < 0.05). #Significantly greater than gel-CS-A (p < 0.05).) (Values represent mean 6 standard deviation).

FIGURE 3. (a) Percent swelling and (b) dimensional changes in gelatin scaffold (gelatin) and gelatin scaffolds containing CS-A
(Gel-CS-A), CS-C (Gel-CS-C), pSC (Gel-pSC) from initial dry state incubated in PBS for 10 min at 37 �C. (Values are
mean 6 standard deviation, *Significant difference from CS-C and pSC (p < 0.05), **Significant difference from CS-A (p < 0.05)).
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gelatin scaffolds showed higher expression of MMP2
at day 4 in comparison to CS-A and CS-C containing
scaffold groups. Expression of Col I was evaluated on
days 7, 14 and 28 (Fig. 5b). Highest expression of Col I
was observed at day 28 for cells on Gel-CS-C scaffolds
in comparison to Gel-CS-A scaffolds. Col I decreased
by day 28 for cells on gelatin scaffolds containing CS-
A. Whereas for cells on scaffolds containing CS-C, Col
I significantly increased in comparison to days 7 and
14. Col I expression also significantly increased for
cells on pSC containing scaffolds at day 28 with respect
to day 7.

Expression of sox9 was evaluated at days 7, 14 and
28 (Fig. 5c). The expression of sox9 increased with
time. The highest expression of sox9 was observed at
day 28. Cells on pSC containing gelatin scaffolds had
the highest expression of sox9 in comparison to all
other scaffold groups. Cells on gelatin only scaffolds
had the lowest expression of sox9 in comparison to all
other scaffolds at day 28.

Expression of Col II and Agg was evaluated on days
7, 14 and 28. An increase in Col II gene expression was
detected from days 7 to 28 for cells on gelatin scaffolds
containing pSC (Fig. 5d). A decrease in Col II gene
expression was detected at day 28 for cells on gelatin
and gelatin scaffolds containing CS-A. Cells on gelatin
scaffolds containing CS-C showed the highest expres-
sion of Col II gene at day 28 among the CS containing
scaffold groups. The highest expression of Col II was

observed at day 28 for cells on pSC containing gelatin
scaffolds. Expression of Agg showed a similar trend as
Col II (Fig. 5e). The highest expression was observed
on pSC containing gelatin groups in comparison to all
other scaffold groups at day 28. Expression of CHAD
was evaluated on days 14 and 28 (Fig. 5f) The highest
expression was seen for cells on pSC containing gelatin
scaffolds for both days in comparison to cells cultured
on gelatin and gelatin containing CS scaffolds.

Expression of hypertrophic markers Col X and
VEGF were evaluated at days 14 and 28 (Figs. 5g and
5 h). Col X expression was highest for the pSC con-
taining gelatin group at day 28. VEGF expression was
also the highest for cells on pSC containing scaffolds at
day 28. Among the native GAGs, CS-C containing
group showed a high expression of VEGF as compared
to gelatin and CS-A groups.

Cell Morphology and Extracellular Matrix Production

Intense actin staining was detected for cells on all
scaffolds at day 14 and to a less extent by day 28.
Collagen type II (Col II) and aggrecan (Agg) were
examined by immunofluorescent staining at days 14
and 28 (Figs. 6 and 7). Cells on gelatin scaffolds con-
taining CS-A, CS-C, and pSC had Col II and Agg
present as early as day 14. A more intense staining of
the cartilage matrix proteins was present for cells on
CS-C and pSC containing groups at day 28. Cells on

FIGURE 5. Gene expression for (a) MMP2 (**significantly different than CS-A and CS-C containing gelatin scaffold at time point
(p < 0.05). aSignificantly different than day 4 (p < 0.05). bSignificantly different than day 7 (p < 0.05)), (b) collagen type I (Col I)
(*significantly different from gelatin scaffolds containing CS-C, aSignificantly different than day 7, bSignificantly different than day
14 (p < 0.05)), (c) Sox9, (d) collagen type II (Col II), (e) Aggrecan (Agg), (f) chondroadherin (CHAD) (c–f) *Significantly higher than all
the groups at time point (p < 0.05). #Significantly higher than gelatin and Gel-CS-A group at a time point (p < 0.05). a,b,cSignificantly
different from day 7, 14 and 28, respectively (p < 0.05)), (g) collagen type X (Col X) (#Significantly higher than gelatin and gelatin
scaffolds containing CS-C (p < 0.05)). (h) Vascular endothelial growth factor (VEGF) (#Significantly higher than gelatin and CS-A
containing scaffolds (p < 0.05)) (g, h) *Significantly higher than all scaffolds, aSignificantly different than day 14 (p < 0.05)) (all
values are normalized to RPLPO and represented as mean 6 SD).
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gelatin and the CS-A containing group appeared to
have less staining for both proteins.

Collagens Type I and II Production

Production of collagens type I and II was quantified
for cells on gelatin and gelatin scaffolds containing
native GAGs and pSC at day 28 (Fig. 8). Highest
production of collagen type II was detected for cells on
gelatin scaffolds containing CS-C and pSC. Lowest
collagen type II production was detected for cells on
scaffolds containing gelatin and CS-A. For production
of collagen type I, the highest was for cells on gelatin
scaffolds and all CS containing gelatin scaffolds. Cells
on gelatin scaffolds containing pSC showed the least
production of collagen type I.

DISCUSSION

This study investigated MSC chondrogenesis on the
scaffolds containing the GAG-mimetic pSC for its
potential use in cartilage tissue regeneration by com-
paring its performance to commercially available na-
tive chondroitin sulfates, CS-A, and CS-C. pSC

mimicked CS-C in terms of position and degree of
sulfation where the sulfate group is predominantly on
the 6-carbon position of the glucose moiety and CS-A
has sulfate groups on the 4-carbon position of the
monosaccharide unit.25 Both CS-C and CS-A are
routinely investigated native GAGs for promoting
chondrogenesis. This study demonstrated that the
MSCs undergoing chondrogenesis had higher expres-
sion of chondrogenic gene expression and a more
homogenous cartilage-like matrix with the highest ra-
tio of collagens type II to I on gelatin scaffolds con-
taining pSC in comparison to native GAGs.

All fibrous scaffolds had similar material behavior
except for subtle changes in mechanical properties and
swelling with the addition of the native GAGs or pSC.
All gelatin containing scaffolds post crosslinking and
hydration retained their fibrous morphology and
showed micron-sized fiber diameters and interfiber
spacing. The scaffolds also had a high porosity, which
may be beneficial for chondrogenesis.37 The tensile
mechanical properties of the scaffolds increased with
the addition of both native CSs and pSCs in the gelatin
scaffolds. This result is consistent with earlier reports
showing the addition of chondroitin sulfate increases
the mechanical properties of electrospun gelatin scaf-

FIGURE 6. Confocal images of cells cultured on gelatin and gelatin scaffolds containing native GAGs and pSC at days 14 and 28
in CCM+. Collagen type II (green), actin (red) and nucleus (blue). (3 40 magnification, scale bar 50 lm).
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FIGURE 7. Confocal images of cells cultured on gelatin and gelatin scaffolds containing chondroitin sulfates and pSC at days 14
and 28 in CCM+. Aggrecan (green), actin (red) and nucleus (blue). (3 40 magnification, scale bar 50 lm).

FIGURE 8. (a) Production of collagen types I and II for cells on gelatin and gelatin scaffolds containing chondroitin sulfates and
pSC after 28 days culture in CCM+. (#Significantly higher Collagen I production than Gel-pSC, **Significantly higher collagen I than
all the groups, *Significantly high collagen II than all the groups, aSignificantly different than collagen type I production (p < 0.05)),
(b) ratio of collagen type II production to type I. (#Significantly higher than gelatin and Gel-CS-A, *significantly higher than all the
groups (p < 0.05)) (values are mean 6 SD).
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folds.35,44 Yet, the compressive mechanical properties
were similar amongst groups despite the presence of
sulfated GAGs. FTIR characterization and SEM–
EDX of the electrospun crosslinked gelatin scaffolds
containing native GAGs and pSC confirmed the
presence of sulfated groups which were absent in ge-
latin only scaffolds. The stability and swelling of the
scaffold over 28 days was similar to that reported in
previous studies.17 The CS and pSC containing gelatin
scaffolds showed an increase in swelling in comparison
to gelatin only scaffolds initially (within 10 min after
immersion in PBS), but then stabilized long-term. All
GAGs showed a gradual release of up to 20% from the
scaffolds, which may be due to the extent of
crosslinking, differences in molecular weight of the
GAGs, and/or entrapment of the GAG. The release of
GAGs from all the scaffolds was stabilized by day 14.
Gelatin was used instead of collagen, to create elec-
trospun fibrous scaffolds since it could be processed
using non-harsh solvents such as water and ethanol.
Electrospinning of collagen generally requires the use
of harsh solvents, such as 2,2,2-trifluoroethanol (TFE),
1,1,1,3,3,3 hexafluoro-2-propanol (HFP) and trifluo-
racetic acid (TFA), which results in the denaturing of
collagen and a decrease in water stability.38,42,47 EDC-
NHS crosslinker has been commonly used for
crosslinking proteins such as collagen, gelatin and
improves mechanical properties as well as stability of
the scaffold in aqueous conditions.16,18 This cross-
linker is also non-cytotoxic allowing for cell attach-
ment and proliferation.18

Chondrogenesis was promoted on pSC containing
scaffolds with an early production of GAG and col-
lagen type II with low amounts of collagen I, which
indicates a more uniform cartilage-like matrix. Al-
though pSC has a similar structure to CS-C, chon-
drogenesis was more favorable on the cellulose-derived
GAG mimetic. GAGs are known to interact with
bioactive molecules such as growth factors and cyto-
kines. In this study, TGF-b3 was provided in the media
to induce chondrogenic differentiation of MSCs. pSC
is known to interact and bind TGF-b3 to a higher
extent than gelatin only scaffolds.16 Also, degree of
sulfation and sulfation pattern plays an important role
in interaction of growth factors with GAGs resulting in
the spatial availability of these growth factor for
interaction with cell receptors. This results in a differ-
ence in cellular response.13,34 Our findings help support
the important role of the sulfation pattern of GAGs in
promoting chondrogenesis, where CS-A had less of an
effect on chondrogenesis as compared to CS-C and
pSC. This finding was comparable to earlier published
results suggesting that the sulfation patterns of the

GAGs play an important role in chondrogene-
sis.2,16,17,21

Gene expression for markers associated with chon-
drogenic differentiation also increased for cells on pSC
containing scaffolds. MMP2, which is known to de-
grade gelatin and collagen type I33and is expressed
during chondrogenic differentiation of mesenchymal
stem cells,3 was expressed by cells on all scaffolds
suggesting cells are promoting matrix remodeling and
creating zones around the cells for accumulation of
growth factors and deposition of synthesized matrix.7

Gelatin scaffolds containing pSC showed a reduction
in MMP2 gene expression as the culture duration
progressed. The expression of chondrogenic markers
such as Sox9, Col II, Agg, were highest for cells on
pSC containing gelatin scaffolds followed by cells on
CS-C containing gelatin scaffolds at day 28. CS-A did
not show enhanced expression of chondrogenic genes
in comparison to CS-C and pSC containing scaffolds.
Bovine derived CS-A is mostly CS-A but also contains
CS-C.24,26 CS-C obtained from shark cartilage has CS-
C, CS-A and CS-D in equivalent ratios.24,26 This
heterogeneity in commercially available chondroitin
sulfates may play a role in chondroinduction. In
addition, the sulfate position in the native GAGs and
pSC may affect chondrogenesis where the sulfate
position for pSC is predominantly on the 6-carbon
position, which is similar to CS-C. Whereas CS-A has
a sulfate predominately on the 4-carbon position. The
expression of hypertrophic factors Col X and VEGF
was higher for cells cultured on the scaffolds contain-
ing pSC, which could be due to the presence of 10 ng/
mL TGF-b3 in the media.27,29 Strategies utilizing
growth factor dosing and/or combinations of growth
factors may have to be implemented in order to reduce
the expression of these markers leading to terminal
differentiation.15,22,27,29

CONCLUSION

The gelatin scaffolds containing the cellulose
derived GAG-mimetic promoted MSC chondrogenesis
in culture conditions containing TGF-b. Commercially
available chondroitin sulfates had less of an effect,
which supports the need for GAG mimetics that can be
synthesized and potentially tailored to improve bio-
logical function. Commercially available native GAGs
are heterogeneous, which can have an effect on bio-
logical response. Constructs containing partially sul-
fated cellulose sulfate may be a viable approach for
supporting chondrogenesis in the presence of growth
factors and potentially for use in cartilage repair.
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