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Abstract. Auricle reconstruction due to congenital, post-infective or post-
traumatic defects represents a challenging procedure in the field of aesthetic and
reconstructive surgery due to the highly complex three-dimensional anatomy of
the outer ear. Tissue engineering aims to provide alternatives to overcome the
shortcomings of standard surgical reconstructive procedure. In the present study,
poly(vinyl alcohol)/gelatin (PVA/G) sponges at different weight ratios were
produced via emulsion and freeze-drying, and crosslinked by exposure to glu-
taraldehyde vapors. PVA/G sponges gave rise to highly porous, water stable and
hydrophilic scaffolds. Characterization of PVA/G sponges showed round-shaped
interconnected pores, high swelling capacity (>200%) and viscoelastic mechan-
ical behavior. The PVA/G 70/30 (w/w) scaffold was selected for in vitro biological
studies. Bone marrow derived human mesenchymal stromal cells (hMSCs) were
used and differentiated towards chondrogenic lineage under different culture
conditions: 1) commercial versus handmade differentiation medium; 2) undif-
ferentiated versus pre-differentiated hMSC seeding; and 3) static versus dynamic
culture [i.e. ultrasound (US) or bioreactor stimulation]. Histological results
highlighted intense glycosaminoglycan, glycoprotein and collagen syntheses after
three weeks, mostly using the commercial medium, whereas round morphology
was observed in pre-differentiated cells. In static culture, immunohistochemistry
for chondrogenic markers revealed an early differentiation stage, characterized by
the expression of Sox-9 and collagen type I fibers. The application of US on
cell/scaffold constructs increased extracellular matrix deposition and resulted in
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30% higher collagen type II expression at the gene level. Bioreactor culture
induced collagen type II, aggrecan and elastin formation. This study demonstrated
that 70/30 PVA/G sponge is a suitable candidate for auricle reconstruction.

Keywords: Auricle � Tissue engineering � Mesenchymal Stromal Cells � Poly
(vinyl alcohol) (PVA) � Emulsion

1 Introduction

Auricle malformation or absence due to congenital or acquired defects represents a
relevant clinical problem, since it also negatively affects patient’s psychological well-
being. Surgical auricle reconstruction represents one of the most challenging procedure
in the field of aesthetic and reconstructive surgery due to the highly complex three-
dimensional anatomy of the external ear [1, 2]. Current surgical treatments include the
use of rib cartilage autograft and alloplastic biomaterials for auricle reconstruction [1,
3, 4]. The application of a prosthetic auricle has been investigated as an alternative to
surgical reconstruction, since it provides good aesthetic results minimizing risks
associated with the surgical procedure [5]. The main shortcomings associated to the
aforementioned treatments are related to surgical complications and foreign body
reaction; therefore, scientists are investigating tissue engineering techniques to regen-
erate auricle cartilage in vitro [3, 4, 6]. In 1997, Cao et al. generated the first ear-shaped
cartilage construct in an animal model [7], thus disclosing tissue engineering potential
in auricle reconstruction. Since then, many researchers have focused their attention on
the possibility of engineering the human auricle. The first successful results were
obtained by employing a multistep approach: in the first step, chondrocytes were
seeded on a polymeric ear-shaped scaffold; then, cell/scaffold construct was implanted
in an animal at subcutaneous level; successively, the regenerated cartilage was har-
vested, manipulated and re-implanted in patients [1, 8]. Recently one of the most
investigated option is the combination of computer tomography (CT) scan and additive
manufacturing technologies to fabricate patient-specific ear-shaped scaffolds in order to
regenerate cartilage constructs in vitro [3, 9].

The auricle, the external auditory meatus and the Eustachian tube consist of elastic
cartilage [6, 10]. The properties of auricular cartilage depend on characteristics and
spatial distribution of its main structural components: collagen fibers, elastic fibers,
glycosaminoglycans (GAGs), chondrocytes and water [11–13]. Chondrocytes are
round-shaped and can be observed as single cells or isogenic groups composed by two
or three cells surrounded by abundant extracellular matrix (ECM) [10, 14]. In the ear,
collagen fibers mainly consist of collagen type II, which are responsible for tensile
strength, while elasticity and flexibility of the tissue are due to the presence of elastic
fibers, peculiar to elastic cartilage [15, 16]. On the other hand, GAGs possess nega-
tively charged sulfate groups able to attract water molecules and bind proteoglycans to
collagen fibrils, thus providing unique biomechanical properties and a viscoelastic
component [17]. Cartilage predominant proteoglycan is aggrecan, which provides
cartilage elasticity and viscosity retention [18]. In addition, the elastic cartilage ECM
contains smaller proteoglycans such as biglycan, decorin and fibromodulin, glyco-
proteins as fibronectin and other non-collagenous proteins [13].
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Auricular cartilage, as any other biological tissue, shows viscoelastic behavior. As
such, elastin biomechanically behaves as a linear elastic solid and can be elastically
deformed up to 160% strain values [19]. The stress-strain curve obtained by
mechanical testing of elastin samples is essentially linear, even though there is a slight
difference between loading and unloading curve due to a phenomenon of energy dis-
sipation within the material [19]. Elastin elasticity is a direct consequence of the
entropic recoil of elastin molecules [20]. Collagen is a basilar structural protein able to
provide mechanical integrity and strength to soft tissues, thus playing a key role in
determining tissue biomechanical properties [19, 21].

Data dealing with auricular cartilage mechanical properties available in literature
are limited. Griffin et al. tested samples of human auricular cartilage harvested from
cadavers (average age 69 ± 10 years) in order to explore the biomechanical properties
of this tissue [4]. Compressive test reported an overall elastic modulus of
1.66 ± 0.63 MPa without significant differences among the different anatomical
regions in which human auricle can be divided [4]. Elastic cartilage does not undergo
calcification; however, its biomechanical properties change as a consequence of ageing
[10, 14]. Individual’s age advancing is related to significant changes in matrix thickness
and composition: the amount of elastin decreases, elastic fibers are thinner and more
fragmented, chondrocytes number and size drop [22–24]. These changes progressively
compromise cartilage mechanical integrity [23, 25].

Studies conducted in the nineties have demonstrated that both bovine chondrocytes
and human chondrocytes are able to replicate and generate cartilage matrix when
seeded on synthetic scaffolds [25, 26]. However chondrocytes isolated from articular,
costal or septal cartilage are not able to synthesize elastin, thus regenerated tissues
show fibrocartilaginous nature and present lower biochemical and mechanical prop-
erties than native elastic cartilage [3, 27]. Nevertheless, only a small amount of tissue
can be harvested from the patient, thus an extensive in vitro expansion of chondrocytes
is required in order to obtain a sufficient number of cells to produce cartilage engi-
neered constructs of clinically relevant size [27]. Furthermore, chondrocyte prolifera-
tive potential is physiologically low and their capability to produce cartilage matrix
decline over time [27].

Therefore, to allow the regeneration of such specific ECM, it is fundamental to
provide a suitable scaffold in which chondrogenesis and elastic cartilage formation can
take places. It is well known that once chondrocytes are cultured on tissue culture
plastic, namely, in a bidimensional (2D) setting, they lose their morphotype, from
round to spindle-like, and finally de-differentiate into fibroblasts, which in turn produce
different ECM molecules, including a prevalence of collagen type I [27]. Differently, a
tridimensional (3D) setting is considered the best option to obtain a cartilaginous tissue
in vitro.

Previous studies have already proved that bone marrow derived mesenchymal
stromal cells (MSCs) are able to differentiate into chondrocytes and express chon-
drogenic markers, such as aggrecan and collagen type II when adequately stimulated
[28, 29]. The employment of MSCs for in vitro cartilage engineering presents several
benefits as a low number of cells is initially required and their isolation from bone
marrow is relatively easy and already adopted in clinical procedures [6]. However,
prolonged in vitro cultivation is necessary in order to obtain noticeable chondrogenic
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differentiation. MSCs are not involved in the physiological development of auricular
cartilage and so far there is no evidence that elastic fibers can be obtained [27, 30]. To
induce the regeneration of auricular cartilage, suitable chemical and physical signals
should be provided. Chemical signals can be introduced in the scaffold by blending
synthetic with biological polymers [31–35], and MSCs can be activated towards
chondrogenic cascade by using proper supplements in the culture medium [3, 6, 29, 35,
36]. Dynamic stimuli, such as low intensity ultrasound (US) stimulation, have been
reported to promote chondrogenic marker expression and can be applied to the
cell/scaffold constructs during the culture [18, 35, 37–39].

The aim of this study is the fabrication and characterization of a bioartificial
scaffold for auricular cartilage engineering. Specifically, poly(vinyl alcohol) (PVA), a
biocompatible synthetic polymer was blended with gelatin (G) and additionally com-
bined Alginate (Alg) to produce hydrophilic sponges able to emulate native ECM and
facilitate cell adhesion. Human MSCs (hMSCs) from the bone marrow were used as a
cell source since they can be easily isolated from bone marrow and are able to
extensively replicate in vitro and differentiate in chondrocytes. As chondrogenic dif-
ferentiation can be enhanced by the application of dynamic stimulation, low frequency
US was applied, and a pilot study in a bioreactor was also performed. Specific
objectives of the study are the identification of the optimal scaffold composition and the
assessment of the optimal hMSC differentiation protocol.

2 Materials and Methods

2.1 Sponge Fabrication

PVA-based scaffolds were produced via emulsion and freeze-drying, as detailly
described by Ricci & Danti [40]. A 11.7% aqueous solution of PVA (Mw = 89000–
98000 g/mol, >99% hydrolyzed from Sigma-Aldrich, St. Louis, MO, USA) in Milli-
Q® deionized water (to avoid Ca2+ ions contamination, thus unwanted sodium Algi-
nate crosslinking during emulsification) was autoclaved 1 h at 120 °C and then was
cooled down to 50 °C inside a thermostatic bath under stirring at 1000 rpm. Gelatin
(gelatin from bovine skin, type B, from Sigma-Aldrich) and Alginic acid sodium salt
(Alg; Fluka BioChemika) were added in order to obtain different polymer/biomolecule
composition: PVA/G 90/10, 80/20, 70/30 and PVA/G/Alg 80/10/10 and 90/5/5
(w/w)%. Then, 0.18 g of sodium dodecyl sulfate (SDS; from Sigma-Aldrich) were
added to obtain a dense foam. After 10 min under stirring, the foam was poured into a
six-well plate, quenched in liquid nitrogen and lyophilized. Sponges were crosslinked
by exposure to glutaraldehyde (GTA; grade II, from Sigma-Aldrich) vapors for 72 h at
37 °C in a sealed cabinet and then flushed under the chemical hood for 72 h.

2.2 Scaffold Characterization

Scanning Electron Microscopy (SEM) Analysis
PVA/G samples 90/10, 80/20 and 70/30 (w/w)% were mounted on aluminum stumps,
sputter-coated with gold (Sputter Coater Emitech K550, Quorum Technologies Ltd,
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West Sussex, United Kingdom) and examined on a scanning electron microscope
(JEOL JSM-5200, JEOL Ltd, Tokyo, Japan). Approximative pore size distribution was
evaluated using ImageJ software (version 1.51i, NIH, USA).

Swelling Analysis
Swelling analysis was performed by measuring sample volume before and after
swelling in distilled water at different time points. Volume swelling ratio (Q, Eq. 1)
was calculated according to the following equation:

Q ¼ Volume of hydrated sample
Volume of dry sample

� 100 ð1Þ

Differential Scanning Calorimetry (DSC) Analysis
Phase transition properties of the samples were determined using a DSC Q200 Dif-
ferential Scanning Calorimeter controlled by a TA module (TA Instruments, New
Castle, USA). 7–8 mg of dry samples were placed in hermetically sealed aluminum
pans and heated from −35 °C to +250 °C at a heating rate of 10 °C/min in an inert
atmosphere. An empty pan was used as the reference cell. Transition temperatures were
calculated using the Universal Analysis 2000 software (TA Instruments).

Fourier Transformed Infrared Spectroscopy (FTIR) Analysis
FTIR spectra were recorded using Nicolet 380 FT-IR Spectrometer (ThermoFisher
Scientific, USA) equipped with the Thermo Scientific™ Smart™ iTX accessory. The
spectra were recorded between 4000 cm−1 and 550 cm−1 with a 8 cm−1 spectral res-
olution. For each spectrum 256 scans were co-added. The FTIR spectrum was taken in
a transmittance mode. Data were analyzed using EZ OMNIC Software (ThermoFisher
Scientific, USA).

Gelatin Release Evaluation
Gelatin release from crosslinked and non-crosslinked PVA/G sponges was evaluated
by means of a spectrophotometric method. Briefly, 5 mg of PVA/G sponges at different
(w/w)% composition were immersed in 1 ml of phosphate buffer saline (PBS) and
incubated at 37 °C for 96 h. Then, released solution was collected from each sample,
diluted in PBS and 200 lL of Bradford reagent (Bio-Rad, USA) were added. The
absorbance of the solution at 595 nm was measured using a photometer (BioPho-
tometer plus, Eppendorf, Germany). Gelatin concentration in the release solution was
determined through comparison with a calibration curve.

Mechanical Testing
Viscoelastic properties of PVA/G sponges at different (w/w)% ratios were investigated
by using epsilon dot method [41, 42]. Mechanical tests were performed in triplicate on
hydrated samples. Short compressive tests were performed at different strain rates
(0.005, 0.001, 0.0005 s−1) using the twin column ProLine Z005 testing machine
(Zwick Roell) equipped with a 10 N load cell (Zwick KAP-TC). Force and displace-
ment data were recorded over time (sampling rate 1 kHz). Firstly, data were processed
to obtain stress-time series. Apparent elastic moduli were calculated as the slope of
stress-strain curves and linear viscoelastic region (LVR) was identified. A standard
linear solid (SLS) model was chosen to derive PVA/G viscoelastic parameters.
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Viscoelastic parameters, i.e. the instantaneous (Einst) and equilibrium elastic moduli
(Eeq) and the characteristic relaxation time (s), were estimated by globally fitting stress-
time series in a combined parameter space using OriginLab (Northampton) fitting
toolbox [41, 42].

2.3 Biological Study Design

PVA/G 70/30 (w/w)% sponges were cut in cylindrical scaffolds (5 mm in diameter and
1.5 mm in thickness) using a biopsy puncher and a microtome blade. Scaffolds were
sterilized in absolute ethanol (Bio-Optica, Milan, Italy) for 24 h and then treated with
2% glycine (Sigma-Aldrich) for 1 h in order to block unreacted sites of GTA.
Therefore, scaffolds were washed three times in PBS supplemented with antibiotics.

Study Design
Human mesenchymal stromal cells (hMSCs) (Merk, Germany) were defrosted and
expanded according to the manufacturer’s recommendations. HMSCs at passage 2
were trypsinized, seeded on PVA/G 70/30 scaffolds (puncher cut into 5 mm in
diameter and 1.5 mm in thickness) at a density of 500,000 cell/scaffold and differen-
tiated for 21 days in standard culture conditions, namely, 95% air, 5% CO2 in
humidified incubator at 37 °C. At the endpoint samples were processed for metabolic
activity tests, SEM and histological analyses. If not otherwise specified, all reagents
were purchased from Sigma–Aldrich.

The following culture conditions were applied: 1) commercially available chon-
drogenic differentiative medium versus homemade culture medium; 2) seeding undif-
ferentiated versus pre-differentiated hMSC; 3) static versus dynamic cultures.
Specifically:

1) Cells were seeded on PVA/G 70/30. After 1 day the culture medium was replaced
with chondrogenic differentiative media. Two chondrogenic differentiation media
were used:

1a) StemMACS ChondroDiff medium was purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany).

1b) Homemade chondrogenic medium was obtained as reported by Barachini et al.
[43]. Briefly, homemade chondrogenic medium consisted of DMEM/F12,
1.25 lg/ml bovine serum albumin, 5.35 lg/ml linoleic acid, 50 lg/ml ascorbic
acid, 100 lg/ml sodium pyruvate, insulin–transferrin–selenium (ITS premix),
10−7 M dexamethasone and 10 ng/ml transforming growth factor beta 1 (TGF-b1;
PeproTech, Rocky Hill, NJ).

2) Two pre-differentiation strategies were considered:
2a) Pre-differentiation in pellet conditions as described by Barachini et al. [43].

Briefly, 250,000 hMSCs/tube, were centrifuged at 1200 rpm for 7 min to obtain
chondrogenic pellets, which were washed in sterile saline and cultured in chon-
drogenic medium StemMACS Chondrodiff medium (Miltenyi). Pellets were
cultured 1 week in Milteniy ChondroDiff medium, then trypsinized, seeded on
PVA/G 70/30 scaffolds and differentiated for more 14 days.

2b) Pre-differentiation in 2D conditions on tissue culture plastic flasks for 4 days, as
reported by Bajpai et al., by adding StemMACS ChondroDiff (Miltenyi) medium
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[44]. After the pre-differentiation in 2D conditions, the cells were trypsinized,
seeded on PVA/G 70/30 scaffolds and differentiated for further 17 days.

3) Dynamic stimulations:
3a) Cell/scaffold constructs were daily treated 3 times for 5 s with US at 40 kHz

frequency and 20 W power in a sonicator bath (Bransonic 2510; Bransonic,
Danbury, USA) as reported by Barachini et al. [43]. After 1 day the culture
medium was replaced with chondrogenic differentiative media: Milteniy Chon-
droDiff medium was added to a set of samples (n = 3) as in 1a) and the home-
made chondrogenic medium was added to the other set (n = 3) as in 1b). Cells
were differentiated for 21 days.
In addition, hMSCs, pre-differentiated in 2D conditions as in 2b), were seeded on
PVA/G 70/30 scaffolds (n = 8) and differentiated for 21 days. A set of samples
(n = 4) was daily treated with US three times for 10 s each time, while the other
set (n = 4) served as negative control.

3b) In a pilot study, pre-differentiasted hMSCs as in 2b), were trypsinized and seeded
on a PVA/G 70/30 (w/w)% scaffold (25 mm in diameter and 1 mm in thickness to
fit the bioreactor holder) at a density of 800,000 cells/scaffold and then cultured in
StemMACS Chondrodiff medium (Miltenyi) into a patented bioreactor
(WO/2015/040554) which moved the construct at 0.23 Hz for 15 min every
30 min rest intervals for 14 days.

2.4 Biological Analysis

Cell metabolic activity
AlamarBlue® assay was performed once a week in order to assess cell viability.
Cell/scaffold constructs to be tested were placed in 15 ml Falcon tubes and ala-
marBlue® reagent (Life Technologies, USA) was added, according to manufacturer’s
prescriptions. AlamarBlue solution without cells served as negative controls. After 3 h
of incubation, 100 ll samples were collected in triplicate and analyzed with a plate
reader (Victor3, PerkinElmer, Waltham, USA). Absorbance values at 570 nm and
600 nm were recorded and used to calculate dye reduction percentage. At the end of
the test, fresh culture medium was added.

Histological Analysis
Cell/scaffold constructs were fixed in 4% w/v neutral buffered formalin diluted in 1�
PBS (0.1 M, pH 7.2) (Bio-Optica) overnight at 4 °C. Thereafter samples were washed
in PBS, dehydrated with a graded series of ethanol, clarified in xylene and finally
paraffin-embedded. Finally, 8 µm-thick sections were obtained by standard microtomy
and mounted onto glass slides and stained with hematoxylin-eosin (H&E), Alcian Blue
at pH 1 and pH 2.5, Toluidine Blue, orcein-Van Gieson; periodic acid-Schiff
(PAS) reaction was also performed.

Immunohistochemical analysis was carried out on cell/scaffold constructs, by fol-
lowing a standard protocol described in details by Barachini et al. [43]. The following
antibodies with specified concentrations were used: mouse monoclonal anti-human
elastin 1:50 (AB9519, AbCam, Cambridge, United Kingdom); rabbit polyclonal anti-
human type I collagen 1:1000 (AB34710, AbCam); mouse monoclonal anti-human
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aggrecan 1:50 (SC33695, Santa Cruz Biotechnology, USA); rabbit polyclonal anti-
human Sox9 1:100 (SC20095, Santa Cruz Biotechnology); mouse monoclonal anti-
human type II collagen 1:50 (SC52658, Santa Cruz Biotechnology). All the histo-
logical analysis were observed with a Nikon Eclipse Ci microscope (Nikon Instru-
ments, Amsterdam, The Netherlands) and the images were acquired by a digital camera
equipped on the microscope.

Gene Expression
Real time polymerase chain reaction (RT-PCR) was performed in order to investigate
type II collagen gene expression on US-irradiated and non-US irradiated cell/scaffold
constructs. Total RNA was isolated with Tri reagent® (Sigma-Aldrich) and 500 ng of
this were reverse-transcribed into complementary DNA (cDNA) using M-MLV-
Reverse transcriptase (Promega), at 37 °C for 45 min, according to the manufacturer’s
instructions. RT-PCR for quantification of expression levels human Collagen-2 was
carried out with the LC Fast Start DNA Master SYBR Green kit (Roche) using 2 µl of
cDNA, corresponding to 500 pg of total RNA in a 20 µl final volume, 3 mM MgCl2
and 0.5 µM sense primer (5’-CAACACTGCCAACGTCCAGAT-3’) and antisense
primer (5’- CTGCTTCGTCCAGATAGGCAA-3’), using b-actin as housekeeping
gene (5’-GACGACGACAAGATAGCCTAGCAGCTATGAGGATC-3’ and 5’- GAG
GAGAAGCCCGGTTAACTTCCGCAGCATTTTGCGCCA3’). Melting curves were
generated after each run to confirm the amplification of specific transcripts. Reactions
were carried out in duplicate, and the relative expression of a specific mRNA was
determined by calculating the fold change relative to the b-actin control. The fold
change of the tested gene mRNA was obtained with a LightCycler® software, by using
the amplification efficiency of each primer, as calculated by the dilution curve. The
specificity of the amplification products was verified by subjecting the amplification
products to electrophoresis on 1.5% agarose gel and visualization by ethidium bromide
staining (Sigma Aldrich).

2.5 Statistical Analysis

One-way analysis of variance with post-hoc Tukey’s test was performed using Ori-
ginLab (Northampton). Statistical significance was assumed at a value of p < 0.05.
Data are reported as mean ± standard deviation.

3 Results and Discussion

3.1 Sponge Characterization

Morphological Characterization
The mixture of a biocompatible and hydrophilic synthetic polymer, such as PVA, and
natural polymers, such as protein and polysaccharide components (i.e., bioartificial
material) was considered in order to mimic a preliminary ECM. The PVA/G/Alg foam
collapsed after freeze-drying. Similar results in terms of structure collapse and
shrinkage were observed by Gurikov et al. [45]. Vice versa, PVA/G sponges gave rise
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to highly porous, water stable and hydrophilic scaffolds, which were selected for
further characterization (Fig. 1) [33, 40, 43].

The morphology of the PVA/G sponges was analyzed via SEM to assess pore
interconnectivity. SEM analysis confirmed the porous nature of the sponges, high-
lighting round shaped interconnected pores with diameters ranging in 50–250 lm
(Fig. 1), suitable to cell infiltration. Pore size distribution results, acquired via ImageJ,
were in line with those observed by De la Ossa et al., evaluated with mercury intrusion
porosimetry [46].

Physico-Chemical Characterization
DSC thermograms showed the presence of two endothermal events. The first
endothermal event, between 83 °C and 102 °C, was due to water evaporation. As
reported by Chiellini et al., the highly energetic water evaporation process may
interfere with the detection of G endothermic relaxation, which typically occurs at
about 91 °C in dried gelatin samples [47, 48]. Differences between crosslinked and
non-crosslinked samples at these temperatures demonstrated that the latter sponge had a
greater capability to interact with water. The second endothermal event was represented
by a sharp peak at 226–230 °C, associated to the melting of PVA crystals. PVA
crystals melting temperature observed in these blends was significantly higher than the
melting temperature of about 191 °C found by Chiellini et al. and Alves et al. for pure
PVA films [47, 49]. The increasing of melting temperature in PVA/G blends can be
explained as a consequence of the intense interaction between G molecules and PVA,
thus proving a good compatibility between the two components at different (w/w)%
ratios [50]. The FTIR spectra obtained presented the typical peaks of PVA/G blends
reported in previous works on the characterization of polymeric films for biomedical

Fig. 1. Pore diameter distribution of PVA/G sponges at different (w/w)%. Lens shows a typical
section of PVA/G sponge with round and interconnected pores.
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applications [49–51]. In general, the complexity of the spectrum within material fin-
gerprint region increased by increasing G content. A characteristic absorption peak at
1450 cm−1 demonstrated the formation of CH = N groups due to the reaction of GTA
with -NH2 groups of lysine residues [46]. The difference between crosslinked and non-
crosslinked spectra became more pronounced by increasing G content, as previously
reported by De la Ossa et al., on PVA/G sponges [46]. There was no appreciable G
release from all the crosslinked samples, thus proving sponge water stability at phys-
iological temperature after chemical cross-linking with GTA. Swelling analysis is
reported in Fig. 2.

It demonstrated the good capability of crosslinked sponges to interact with water,
by acquiring a highly hydrated configuration. Samples quickly reached swelling
equilibrium, presenting volume swelling ratio higher than 200%, thanks to the
hydrophilic nature of PVA and G (Fig. 2). Volume swelling ratio decreased with
increasing G content as a consequence of the dense network of crosslinks established
after chemical crosslinking with GTA.

Mechanical Characterization
Experimental stress-time series within the LVR (2% strain) were used to estimate
viscoelastic parameters, according to epsilon dot method. The sponges became less stiff
(Eeq decreased) and more elastic and less liquid-like (s increased) as the G content
decreased (Table 1).
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Fig. 2. Volume swelling ratio of PVA/G sponges at different G concentrations (90/10, 80/20,
70/30 w/w%).

Table 1. PVA/G viscoelastic parameters derived from fitting of experimental data.

PVA/G 70/30 PVA/G 80/20 PVA/G 90/10

Einst [kPa] 6.85 ± 1.52 8.86 ± 1.42 2.12 ± 0.33
Eeq [kPa] 5.96 ± 1.53 6.79 ± 1.02 1.61 ± 0.50
s [s] 1.34 ± 0.32 3.06 ± 3.70 9.29 ± 5.95
R2 >0.99 >0.99 >0.99
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The apparent elastic moduli of PVA/G samples, calculated as the slopes of stress-
strain curves, are reported in Table 2. Slight variations with strain rate revealed that
hydrated PVA/G sponges exhibited viscoelastic behavior. Moreover, G con-
tent � 20% resulted in a significant increase in material stiffness. This phenomenon is
likely to be a consequence of crosslinking. Indeed, the reaction of GTA aldehyde
groups with free lysine or hydroxylysine residues of G polypeptide chains limits
polymeric chain mobility by creating a network of crosslinks [48]. Statistical analysis
underlined that PVA/G 90/10 presented a significantly lower elastic modulus, thus
demonstrating that an increasing in G content and consequently, increasing of
crosslinking sites, affected the material stiffness.

Although the elastic moduli of PVA/G sponges was about three orders of magni-
tude lower than compressive elastic modulus of human auricular cartilage reported in
literature [4, 23], an increase in construct stiffness is expected as a consequence of
ECM deposition and in particular collagen synthesis within scaffold pores. The
mechanical properties of cell/scaffold constructs after differentiation time were not
tested because the small dimensions of the engineered constructs was not suitable for
mechanical testing with the equipment available. To address this issue, further studies
may include nanoindentation tests using the nano-epsilon dot method [52], which
allows the investigation of viscoelastic parameters before and after cell culture. In
addition, new devices which enable monitoring of the mechanical properties of tissue
constructs during cell culture such as the Mechano Culture Testing System [53] could
also be considered.

3.2 Characterization of Cell/Scaffold Constructs

The aforementioned characterization highlighted significant differences between
PVA/G sponges in terms of pore size distribution, swelling behavior, physico-chemical
and mechanical properties. PVA/G 70/30 and PVA/G 80/20 (w/w)% had more similar
characteristics, namely, pore size distribution suitable for cell colonization, good
swelling behavior and higher stiffness than PVA/G 90/10 (w/w)%. Finally, PVA/G
70/30 was selected as the best scaffold candidate, on the basis of stiffness, highest G
content, which facilitates cell adhesion, and suitable poral features for cell colonization,
as previously studied by De la Ossa et al. [46].

Table 2. Apparent compressive elastic modulus [kPa] of PVA/G sponges at different strain
rates [s−1].

Strain rate PVA/G 70/30 PVA/G 80/20 PVA/G 90/10

0.005 6.61 ± 1.57 7.27 ± 0.23 2.03 ± 0.35
0.001 6.11 ± 1.60 7.25 ± 0.07 1.81 ± 0.49
0.0005 5.95 ± 1.46 7.09 ± 0.08 1.73 ± 0.53
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Chondrogenic Differentiation of hMSC/Scaffold Constructs
AlamarBlue assay, performed at different time points during chondrogenic differenti-
ation, demonstrated that hMSCs cultured on PVA/G 70/30 scaffolds were viable up to
three weeks in all tested samples (Fig. 3).

Miltenyi ChondroDiff medium was the best-performing differentiative medium.
Indeed, significant lower cell metabolic activity was observed in constructs cultured in
the homemade chondrogenic medium. Moreover, statistically significant differences
between US-stimulated samples and negative controls demonstrated that US stimula-
tion treatment affected cell metabolism. These results agree with the outcomes reported
by Barachini et al. in their work on chondrogenic differentiation of human dental pulp
stem cells on PVA/G 80/20 [43].

Histochemistry and Immunohistochemistry
In agreement with the metabolic activity results (Fig. 3), the scaffolds hosted varying
amounts of cells, as observed via H&E staining. High positivity for Sox9 chondrogenic
marker, observed in all tested samples, indicated an early differentiation stage of all the
constructs (data not shown). A meaningful representation of the results achieved in the
different conditions in terms of ECM maturity is reported in Fig. 4. Cell/scaffold
constructs cultured in homemade chondrogenic medium displayed low glycoprotein,
GAG (Fig. 4 C, D) and collagen (Fig. 4 I, J) expression and a non-uniform cell
colonization. Conversely, a good and uniform cell spreading was detected in all
samples cultured in Miltenyi StemMACS ChondroDiff medium (Fig. 4 A, B, E, F, G,
H, K, L). Intense GAG deposition and roundish morphology was observed in hMSCs
pre-differentiated in pellet conditions; however, cell colonization was restricted to a
small region of the scaffold since the pelletized cells remained locally confined, thus
providing no physiologically relevant results. HMSCs cultured in Miltenyi StemMACS
ChondroDiff medium showed very good amount of collagen (Fig. 4 A, B, E, F) and
GAGs (Fig. 4 G, H, K, L), as well as glycoproteins (data not shown).

Fig. 3. Viability of chondroinduced hMSCs over differentiation time (0 week refers 12 h after
seeding) in different culture conditions.
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Fig. 4. Chondroinduced hMSCs cultured on PVA/G 70/30 scaffolds. Left column: Orcein-van
Gieson staining: Orcein highlights the presence of elastic fibers in dark violet (absent in our
samples). Van Gieson stains collagen fibers in pink-red. Right column: Toluidine Blue staining
showing sulfated GAGs in purple. Original magnification 200�; scale bar: 100 lm.
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In particular, a more intense collagen (Fig. 4 B, D) expression was observed in US-
stimulated hMSCs compared to the non-US stimulated counterparts (Fig. 4 A, C);
aggrecan was also detected in US-stimulated samples (data not shown), overall sug-
gesting powerful US beneficial effects on matrix deposition, corroborating the findings
of previous studies [18, 35, 37, 38]. Both elastic fibers (Fig. 4 A-F) and elastin (im-
munoistochemical reaction) could not be detected in these samples. The observation of
larger and round shaped cells in 2D pre-differentiated hMSCs suggested the occurrence
of some morphological changes compared to undifferentiated cells. A downregulation
of type I collagen expression indicated an enhanced chondrogenic differentiation in
US-stimulated samples, as previously observed by Barachini et al. [43]. The positivity
levels of the expression of collagen and sulphated GAGs, as also shown in Fig. 4, are
summarized in Table 3.

RT-PCR results showed a significantly higher collagen type II mRNA expression in
US-stimulated constructs (130% ± 7% fold difference) than non-US stimulated con-
structs (100% ± 5% fold difference), therefore a more powerful chondrogenesis, in
line with the results reported in literature [18, 37]. All in all, the constructs showed an
intense cell colonization and ECM deposition, with a commitment to the chondrogenic
phenotype, which was more pronounced using StemMACS ChondroDiff (Miltenyi)
medium and US stimulation for 21 days.

However, these outcomes highlighted still an early chondrogenic phase, with weak
production of collagen type II at protein level, good GAG synthesis but low aggrecan
expression were observed.

Differently, synthesis of aggrecan, reduced collagen type I, increased collagen type
II and even elastin was detected via immunohistochemistry on the cell/scaffold con-
struct cultured within the bioreactor (Fig. 5), thus demonstrating that dynamic stimu-
lation allows an improvement in chondrogenic differentiation of hMSCs with respect to
static culture conditions. This bioreactor provides a cyclic membranal-like
stress/deformation field that stretched the scaffolds and the cells cultured within.
This outcome is suggestive that chondro-differentiated hMSCs can produce elastic
fibers in presence of proper stimulation.

Table 3. Positivity levels of collagen and sulphated GAGs as observed via histochemistry under
different culture conditions. − = negative; � = weak positivity; + = positivity; ++ = good
positivity; +++ = strong positivity.

Culture conditions Total collagen Sulphated GAGs

Miltenyi - US � +
Miltenyi + US +++ ++
Home made − US − −

Home made + US � −

Pellet + US + �
2D + US + −
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4 Conclusions

The aim of this work was the fabrication and characterization of bioartificial spongy
scaffolds for the regeneration of auricular cartilage in vitro using bone marrow hMSCs.
Morphological, physico-chemical and biomechanical characterization of PVA/G
sponges demonstrated round-shaped interconnected pores, high swelling capacity,
water stability and viscoelastic behavior. In particular, PVA/G 70/30 (w/w)% was
selected for hMSC culture and chondrogenic lineage commitment, as this scaffold
formulation presented higher G content, but similar morphological, physico-chemical
and mechanical properties when compared to PVA/G 80/20 (w/w)%. In vitro studies
were performed to identify the best chondrogenic differentiation conditions. Chon-
droinduced hMSCs were all over viable up to three weeks, thus proving scaffold
cytocompatibility. StemMACS ChondroDiff commercially available medium posi-
tively affected cell metabolic activity and ECM deposition, thus appearing as the best
differentiative medium. Histochemistry performed on cell/scaffold constructs proved
intense sulphated GAG (but low aggrecan), glycoprotein and collagen synthesis after
three weeks of differentiation. Immunohistochemistry for chondrogenic markers
revealed an early differentiation stage, characterized by collagen type I and Sox-9.
Since collagen type II was not detected at protein level, RT-PCR was used to assess its
expression at gene level, revealing that mRNA was expressed both in non-US stimu-
lated and US-stimulated constructs, with a 30% increase in the latter. US showed

Fig. 5. Immunohistochemistry on chondroinduced hMSCs cultured on a PVA/G 70/30 (w/w)%
scaffold in dynamic culture conditions using a bioreactor (WO/2015/040554): aggrecan, collagen
type I, collagen type II, elastin. Original magnification: 200�; scale bar: 100 lm.
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beneficial effects on hMSC chondrogenesis in terms of enhancement of metabolic
activity and type II collagen gene expression. Dynamic culture within a bioreactor
finally proved an enhanced chondrogenic differentiation, by showing intense aggrecan,
collagen type II and elastin expression at protein level. Further experiments are needed
to investigate the combination of dynamic culture conditions and US to induce a
mature cartilage ECM. Moreover, the used approach should also be scaled up to
generate ear-shaped constructs of physiologically relevant dimensions by means of
mold casting (Fig. 6). This study thus provided a basis for future development in this
area.
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