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Abstract
The augmented demand formedical devices devoted to tissue regeneration and possessing a
controlledmicro-architecturemeans there is a need for industrial scale-up in the production of
hydrogels. A new 3Dprinting techniquewas applied to the automation of a freeze-gelationmethod for
the preparation of chitosan scaffolds with controlled porosity. For this aim, a dedicated 3Dprinter was
built in-house: a preliminary effort has been necessary to explore the printing parameter space to
optimize the printing results in terms of geometry, tolerances andmechanical properties of the
product. Analysed parameters included viscosity of the starting chitosan solution, whichwas
measuredwith a Brookfield viscometer, and temperature of deposition, whichwas determined by
filming the process with a cryocooled sensor thermal camera. Optimized parameters were applied to
the production of scaffolds from solutions of chitosan alone orwith the addition of raffinose as a
viscositymodifier. Resulting hydrogels were characterized in terms ofmorphology and porosity. In
vitro cell culture studies comparing 3Dprinted scaffolds with their homologous produced by solution
casting evidenced an improvement in biocompatibility deriving from the production technique as
well as from the solid statemodification of chitosan stemming from the addition of the viscosity
modifier.

Introduction

The general aging of the population and the increase in
the prevalence of chronic diseases, injuries and traumas
lead to an augmented demand for drugs and biological
substitutes that could restore,maintainor improve tissue
function [1]. Themain target of tissue engineering is the
identification and application of adequate materials for
the design and production of supportive structures,
generally defined as scaffolds, that possess desirable
properties for promoting cell adhesion, proliferation
and differentiation [2]. The performances of such
scaffolds depend both on the characteristics of their
components and on their structural architecture [3].
Polymers, natural or synthetic, offer a bunch of choices
to tissue engineers: the ideal material is biocompatibile,

biodegradable and does not elicit a foreign body reaction
[4]. Moreover, it is endowed withmechanical properties
and physical characteristics suitable for mimicking the
tissue to be repaired [4]. Among natural polymers, those
that can give rise to hydrogels possess the most interest-
ing features, thanks to their resemblance to extracellular
matrix and, in general, for their better cytocompatibility
[5]. Chitosan (CH) is a β-(1–4)-linked D-glucosamine
and N-acetyl-D-glucosamine natural polysaccharide
derived from the alkalineN-deacetylation of chitin [6]. It
possesses a good combination of biocompatibility and
biodegradability, it is non-toxic, not expensive, and it
can be moulded into different shapes, thus making it
suitable formany applications [7].

Scaffolds produced with chitosan in association
with other components have found different
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applications in tissue engineering, but the use of chit-
osan alone is mainly devoted to skin, nerves and soft
tissue regeneration [8–10]. One of the main fields of
application of chitosan is wound healing, [11, 12]
thanks to the combination of chitosan advantages
such as hemostasis, stimulation of fibroblast synthesis
of collagen, cell support and local drug delivery [13].
The structural similarity of chitosan with glycosami-
noglycans also renders it a good candidate for chon-
drogenesis and bone cell colonization [14] but,
without the addition of other components some lim-
itations exist due to the low mechanical resistance of
the material by itself. The enhancement of mechanical
properties of chitosan can be achieved by modifying
the production technique, as described by Zakhem
et al [15] who prepared a tubular structure for the
replacement of intestine that could withstand burst
pressures of 715 mmHg and allowed growth and
alignment of smooth muscle cells. Anyway further
technical modifications are needed: this prompted us
to look for new production methods for the develop-
ment of chitosan scaffolds.

In a previous work [16] the use of sugar and salt-
enriched chitosan solutions for the preparation of
hydrogels, which showed improved cytocompatibility
and hydrophilicity was described. The production
method allowed a good control of pore size and dis-
tribution at the microscopic level [17] but a macro-
scopic control, in terms of geometry and architecture,
was still elusive. The architecture of the scaffolds is of
critical importance for the success of cell colonization
[18], so, with the purpose of obtaining highly repro-
ducible hydrogels in view of their possible application
and industrial scale-up we applied a 3D printing tech-
nique to the production of chitosan hydrogels by auto-
mating the previously reported freeze-gelation
technique [17]. The use of automation for the produc-
tion of 3D chitosan scaffolds was already described
by Ang et al [19], who reported the preparation of
chitosan–hydroxyapatite scaffolds using a robotic sys-
tem that dispensed the polymeric solution into a
NaOH coagulation bath. The technique suffered the
formation of precipitated lumps in the nozzle and was
for this reason refined by Geng et al [20]. These
authors introduced a dual-nozzle system for the
sequential dispensing of chitosan and NaOH solution
during the fabrication process of superimposed layers.
This eliminated the need of a coagulation bath and
allowed better uniformity, strength and an overall bet-
ter quality of the scaffolds in terms of reproducibility.
Almeida et al [21] more recently applied this method
to the preparation of chitosan and PLA scaffolds to be
evaluated in the presence of human macrophages.
Anyway, all these techniques are based on the direct
coagulation of chitosan solution upon deposition and
give rise to closed chitosan filaments: no details are
reported about the internal microporosity of those
scaffolds. Some application of 3D printed chitosan
scaffolds were reported by Ye et al for chondrogenesis:

the association of chondrogenic culture conditions
and the 3D printed support allowed the formation of a
cartilaginous ‘cap’ by adipose stem cells isolated from
human infrapatellar fat pad [22]. Hsu et al prepared
chitosan 3D printed scaffolds treated with air plasma
that were tested withMC3T3-E1 cells [23]. Air plasma
treatement improved hydrophilicity and this resulted
in increased cell adhesion and bone mineral
deposition.

In the present work the fabrication of a scaffold
with a customized shape has been implemented as a
variant of a family of additivemanufacturing processes
that in the literature are proposed by different names
but which are, at least regarding the part of 3D print-
ing, very similar to each other and possibly differ for
the subsequent procedures of gelation or lyophilisa-
tion: low temperature manufacturing (LTM) [24],
liquid frozen deposition manufacturing [25], cryo-
genic prototyping [26] and rapid freeze prototyping
[27]. In contrast with the work proposed by Lim et al
[28], in which chitosan scaffolds are prepared by
deposition of the solution in a cryogenic chamber fol-
lowed by lyophilisation, we propose to avoid this latter
expensive and time-consuming step by directly trans-
ferring frozen chitosan structures into a coagulation
bath. This is the direct transposition and automation
of the freeze-gelation method described by Elviri et al
[17] and associates the advantages deriving from the
modification of the composition of chitosan solution
with the technical advantages of 3D printing. A deep
investigation of the automation system as well as of the
parameters that determine a satisfactory deposition
was carried out. These include, among others, the role
of the viscosity of the starting chitosan solution and
the effect of temperature on the success of deposition
and scaffold appearance.

The produced 3D printed hydrogels were char-
acterized in terms of morphology and porosity while
their suitability as scaffold supporting in vitro cell
growth was investigated in comparison with their
homologous produced by the previously described
casting technique [16].

Materials andmethods

Materials
Chitosan ChitoClearTM (CAS 9012-76-4, degree of
deacetylation 95%; molecular weight by gel permea-
tion chromatography 150–200 kDa; allergen free,
water insoluble, soluble in acid media) was from
PRIMEXEhf (Siglufjordur, Iceland).

Acetic acid 99.8% v/v, dimethyl sulfoxide
(DMSO) and potassium hydroxide were from J T
Baker (Deventer, Netherlands). Water was purified
(0.055 uS cm−1, TOC 1 ppb) with Purelab pulse +
Flex ultra-purewater (ElgaVeolia,Milan, Italy).

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) reagent was purchased from
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Sigma-Aldrich (St. Louis, MO, USA), dissolved in
water and stocked at concentration of 5 mgml−1; final
concentration used was 1 mgml−1; calcein-AM was
obtained from Invitrogen Molecular Probe (Invitro-
gen Co., Carlsbad, CA, USA) (1 mgml−1 in DMSO)
and used at afinal concentration of 10 μM.

3Dprinter
A LTM system was designed and implemented at
laboratory scale through the insertion of bespoke
modules in the structure of a commercial fuse deposi-
tion manufacturing (FDM) 3D printer, whose archi-
tecture is based on three Cartesian axes, two of which
enliven the printing plate in x and y direction on the
horizontal plane, while the z-axis determines the
progressive lifting of the extrusion nozzle.

Such an approach follows the idea, demonstrated
in [29], that the motion axis of an inexpensive FDM
printer can provide enough accuracy and repeatability
tomanufacture highly defined scaffolds.

Similarities between the two systems are limited to
the components for generating motion: the printing
process based on freezing a polymer solution is
entirely different from the FDM one and required a
complete makeover of the other machine subsystems.
Figure 1 shows the two main physical changes imple-
mented: (1) by developing a new deposition system
that uses a syringe pump; (2) by replacing the hot plate
with a cooling system.

In a first version, the latter was simply made up
using liquid nitrogen contained in a Dewar flask posi-
tioned below the printing plate. Then, to improve the
process knowledge and its control, the printing pro-
cess was repeatedly filmed with a cryo-cooled sensor
thermal camera FLIR SC7000 (Flir Systems Inc., Wil-
sonville, OR, USA), with a detector having a resolution
of 640× 512 pixels, and with a temperature sensitivity
of 0.02 °C at 30 °C and an accuracy of ±1 °C. The

analysis was carried out by using the software tool
Altair version 5.91.010 (Flir Systems Inc.), which
allows selecting a spot at the point to be analysed and
to automatically draw the temperature versus time
plot. Figure 2 shows a sample of the acquired images
and a diagram of the temperature field on varying the
distance from the freezing surface.

On the basis of the obtained result, a more repea-
table and accurate freezing plate was designed and
built by combining several Peltier cells and liquid/air
exchangers. On the whole, the system allows avoiding
the use of disposable fluids and requires neither a
compressor nor potentially contaminating fluids, and
it is therefore appropriate for the application require-
ments of simplicity, safety and reduced cost. More-
over, the adopted method did not present the
disadvantages typical of other solid freeform fabrica-
tion systems (use of toxic organic adhesives, high pro-
cess temperatures, difficulty in the removal of dusts).

The design of scaffold shapes could be directly
described by the geometric primitives of the axis con-
trol, without need of translating them through general
purpose programmes for the transformation of the 3D
CAD model in a mesh to be subjected to slicing: this
introduces a significant advantage compared to systems
available on the market in terms of exact correspon-
dence between model and printed object, especially in
case of artifacts with complex inner shape. The third
major change activity has therefore covered the soft-
ware programme for the management of the printing
process, whose parameters are indicated in table 1,
which presents also a comparison with the process
parameters found in [29]. The meaning of this
comparison is mainly to provide a reference to evaluate
the proposed prototype machine in relation to the
typical specifications of one of themostwell-established
and widespread technology which constitutes an easily
available, reproducible benchmark. Other prototypes

Figure 1. (a)A commercial FDM3Dprinter has been customised by developing a newdeposition system that uses a syringe pump and
by replacing the hot plate with a cooling system combining air–liquid exchangers and Peltier plates. (b) Schematic illustration showing
3D chitosan scaffold fabrication: (A) dissolution of chitosan powder in acetic aqueous solution for 16–18 h; (B) deposition of chitosan
solution on a substrate to develop the 3D chitosan scaffold by extrusion-based 3Dprintingmethod and (C) increase ofmaterial rigid
of 3D chitosan scaffold after 1 h in gelling solution.
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[24–28] are not illustrated with sufficient details to
make possible a meaningful confrontation of their fea-
ture values.

Scaffold preparation
Solutions of chitosan (6%w/v) and chitosan-modified
(6% w/v) with raffinose suitable for 3D printer were
prepared in 2% acetic acid. D-(+)raffinose pentahy-
drate (290 mM) was added to the second solution as a
viscosity modifier agent in order to obtain more
hydrophilic hydrogels relative to that obtained from
the pure chitosan solution [16]. Viscosity measure-
ments of the solutions was performed at 60 and
100 rpm, with a rotational viscometer (Smart Series,
Fungilab, Barcelona, Spain) equipped with a spin-
dle#7.

After printing, the frozen scaffoldwas immediately
immersed in aqueous KOH (8% w/v) for 10 min in
order to let it gel.

The chitosan solutions (6%w/v)were used also for
the preparation of reference scaffolds following the
casting procedure reported by Bettini et al [16]. Briefly,
chitosan solutions were poured into rubber rings pre-
viously stuck on glass slides: these were transferred to a

−60 °C refrigerator and, after 24 h, gelled in KOH
(8%v/v) solution overnight.

Environmental scanning electronmicroscopy
(ESEM) analysis
An ESEM Quanta 250 FEGTM (FEI, Hillsboro, OR,
USA), equipped with EDS (energy dispersive spectro-
meter) for x-ray microanalysis (Bruker Nano GmbH,
Berlin, Germany) was used to evaluate the macro-
structure of the fully hydrated scaffolds. EDS was
equipped with a QUANTAX XFlash® 6 30 Detector
with�126 eV FWHMenergy resolution atMnKα.

Scaffoldswere carefully deposited on afilter paper to
remove the surface aqueous layer before analysis. Then,
the samples were placed on conductive carbon (Agar
Scientific) and measured at 89–114x magnification,
through an accelerating voltage (EHT) of the electron
beam of 10.00 kV. The photographs obtained were
analysed with a software for image analysis (ESPRIT 1.9
software, Bruker Nano GmbH). ESEM images were
taken on the central portions of the surfaces of the
scaffolds and on the cross-sections. For each image the
diameter of the pores and thefilamentsweremeasured.

Scanning electronmicroscopy (SEM) and x-ray
diffraction (XRD) analysis
Chitosan scaffoldswere lyophilized for24 hwithaAlkpha
2–4 LCS Plus lyophylizer (Martin Christ, Osterode am
Harz, Germany). Images of the dried scaffold were taken
with a scanning electron microscope (Sigma HD, Carl
Zeiss, Jena, Germany), at 300x magnification and EHT
1.00 kVandanalysedby Image J software (NIH,Bethesda,
MD,USA) for determiningmacro- andmicro-structures.

XRD patterns on powder were recorded on a
MiniFlex diffractometer (Rigaku, Japan) using Cu
Kα radiation (λ = 1.5418 Å) generated with 30 kV.
The sample of chitosan powder, chitosan scaffold
with and without raffinose was transferred into the

Figure 2.Acquisition of temperature valueswith a cryo-cooled sensor thermal camera FLIR SC7000 equippedwith Altair software.
The point temperature at the extruder tip, at themidpoint of the extruded filament and at thefilament end point allowed the
optimization of the 3Dprinter.

Table 1.Printing process parameters.

Chitosan

concentration% (w/v)
PLA scaffold

printinga

Proposed chitosan-

based freezing

process

Deposition velocity 2 mm s−1 3 mm s−1

Nozzle tip size 350 μm 260 μm

Diameter of filament 175 μm 250 μm (nominal)
Extrusion temperature 180 °C −2÷ 2 °C
Number of layers variable 5÷ 45

a As reported in [19].
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sample holder until it was completely full and then
pressed with a glass slide in order to obtain a flat and
homogeneous surface. The goniometer was set at a
scanning rate of 1.5 min−1 (step size= 0.05) over the
2θ range 5°–50°. Each measurement was carried out
at least in triplicate.

Evaluation ofmechanical strength andwater loss
A tractional dynamometer (Acquati, Italy) has been
used to evaluate the mechanical strength of the 3D
printed scaffolds, calculated as Young’s elastic mod-
ulus (E). Scaffold sizes were 20 layers× 5 cm× 1.5 cm.
The traction tests were performed by setting the
following parameters: pre-fixed distance between clips
±25 mm, traction speed 25 mmmin−1, 5 DaN
top head.

To calculate water loss, scaffolds were deposited
on filter paper to remove excess surface water and
weighed with an analytical balance, then put in a
vacuum oven at 30 °C for 3 h. The weight of the scaf-
fold was regularly checked and registered until no fur-
ther change occurred.

Cell culturing on scaffolds
Four types of scaffolds were tested: 3D printed and
produced by casting, both with or without raffinose in
starting solution composition.

Fibroblasts coded as C84 were isolated and
expanded, as previously described [19 + x] starting
from an underarm explant from a healthy, normoli-
paemic 45-years old female, and used at passage 14
[20]. Cells were harvested from the flasks at the con-
fluent state by incubation with trypsin solution for
2 min at 37 °C. Cells were then re-suspended with
10% serum-supplemented Dulbecco’s modified
eagle medium, DMEM (Lonza, Verviers, Belgium),
counted and plated at density of 105 cells/well onto
the scaffolds, previously sterilized with ethanol 70%
v/v for 18 h, washed three times with sterile phos-
phate buffer solution (PBS, from Lonza) and placed
in 48 well-plates. 20 μl of cell suspension was initially
seeded on scaffolds to facilitate adhesion for about
1 h; successively the growth medium was added in
order to completely cover their surfaces. The med-
ium was changed every three days and evaluations of
cell viability and microscopy analyses were per-
formed after 7, 14, 21 and 28 days.

Cell viability
Cell viability was evaluated by measuring the activity
of themitochondrial enzyme succinate dehydrogenase
with theMTT test as previously performed in this type
of studies [30]. The MTT assay is a colorimetric assay
based on the metabolic activity of the mitochondrial
enzyme succinate dehydrogenase that is able to reduce
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazoliumbromide) to insoluble formazan.

Briefly, at each indicated time point, scaffolds were
transferred into a clear 48-wells plate and washed with
PBS. 200 μl of MTT (1 mgml−1) in DMEM with 5%
foetal calf serum, FCS (Sigma-Aldrich), were then
added to each well and incubated for two hours at
37 °C under a continuous flow of 5% CO2 in the dark.
The resulting formazan crystals were dissolved in
200 μl DMSO under shaking for 10 min and absor-
bance was finally measured on an aliquot of 150 μl at
wavelength of 550 nm. Absorbance obtained from the
correspondent empty scaffolds was subtracted from
each measurement. Cell number onto each scaffold
was estimated by interpolation from a standard viabi-
lity curve obtained with cells seeded at increasing den-
sity (from1× 103 to 50× 103 cells/well).

Microscopic analysis
Empty and cell-seeded scaffolds were incubated with
calcein-AM, a probe that becomes fluorescent and is
retained inside cells in response to the activity of
intracellular esterases. Such treatment was performed
in growth medium at 37 °C and 5% CO2 for 30 min.
Excess calcein was then removed by washing twice
with PBS and images were then captured using a
Nikon Eclipse TE300 inverted fluorescence micro-
scope. At least two images were analysed per scaffold at
each time point, using empty scaffolds as controls.

Proliferation efficiency
Fibroblasts were seeded on scaffolds or on regular
well-plates for 14 days and subsequently detachedwith
trypsin. Cells were then re-plated at similar density
(5 × 103 cells/well) in 48 well-plates. After 4 days of
culturing, cell viability was evaluated on cell mono-
layers with the MTT assay as described above. Cells
detached from a regular well-plate, re-seeded and
cultured for the same period of time were taken as
control.

Statistical analysis
Statistical analysis was performed with Graph Pad-
Prism software version 5.0. Data obtained with the
four scaffolds types were compared with one-way
analysis of variance and the Dunnett’s multiple
comparison test. Significancewas defined as p< 0.05.

Results

Preparation and characterization of chitosan-based
scaffolds
The first phase of the work was focused on the
development of a 3D printing process suitable for
obtaining chitosan hydrogels with precise and con-
trolled structure. For this purpose, a LTM system was
designed and implemented at laboratory scale.

A chitosan and a raffinose-containing chitosan
solution were tested to produce scaffolds of different
thickness, depending on the number of layers set
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(from 5 to 20), with a mesh structure having nominal
opening of 400 μm.

To develop the 3D printing system a thorough
study of the design space of the parameters within
which the scaffold printing procedure could be satis-
factory achieved. This implied the investigation of the
chitosan solution concentration and viscosity, extru-
sion flow and pressure as well as the measurement of
the temperature distribution in the work volume dur-
ing the printing process. This resulted in the selection
of a set of parameters that consistently allowed print-
ing scaffolds with the most favourable structural,
dimensional and mechanical (filament coherence and
strength) characteristics.

The homogeneity and viscosity of the chitosan
solution played a fundamental role on the printability
and final structural quality of the 3D scaffold. Highly
viscous solutions resulted in non-homogeneous mat-
erial, whereas those with low viscosity in structures
with high percentage of free water that induced a con-
siderable swelling of the material during the freezing
process. This effect caused not only a significant
reduction of the mechanical strength of the material,
but also a steric hindrance during the printing process
which reduced the resolution. By performing different
printing test, the suitable viscosity of the chitosan solu-
tionwas found between 5000 and 45 000 cP (table 2).

The temperature is another critical point of the
printing process affecting the quality of the scaffold. A
specific effort was necessary to explore the design
space of this parameter to optimize the printing result

in terms of geometry tolerances andmechanical prop-
erties of the product. For this purpose,measures with a
thermal camera equipped with a cryo-cooled detector
were taken on different points of the forming scaffold
(figure 2(a)). The temperature of the CH at the extru-
sion point was measured and proved to increase in a
non-linear manner with the number of layers (from
−18 °C for the first layer to −8 °C at layer n.26),
namely, as the nozzle of the extruder displaced from
the cooling surface. Differently, a linear trend as a
function of the number of layers was observed for the
tail point of the extruded filament (figure 2(b)). The
extruded chitosan solution immediately froze once in
contact with the surface of the underlying layer allow-
ing the propermanufacture of the scaffold. At temper-
ature values close to 0 °C, the solution did not solidify
in a well-defined mesh structure giving rise to a solid
matrix with poor mechanical characteristics and the
printing process was no longer reliable.

Thus, the temperatures allowing to obtain a con-
trolled CH structure ranged between −10 °C and
−5 °C for the point of extrusion and, between−13 °C
and−9 °C for the middle and the tail point of the fila-
ment, which represented quite a broad design space
indicative of a robust process.

The macro-structure and morphologies of the
obtained chitosan scaffolds are shown in figures 3 and 4
for structureobtained staring froma raffinose-containing
solution. ESEM analysis carried out on scaffolds in a fully
hydrated state (figure 3(b)) allowed to verify the good
agreement (mean change 8%; RSD 15%) between the
experimental and theoretical structure designed with the
CAD programme (figure 3(c)) in terms of filament and
mesh size. Similar results were obtained for the scaffold
prepared starting from the chitosan solution without
raffinose.

The SEM images of the chitosan scaffold
(figure 5(a)) and the chitosan scaffold obtained starting
from a raffinose-containing solution (figure 5(b)) evi-
denced the presence ofmicropores on the surface of the
filaments with a preferential orientation, that can be
beneficial for cell adhesion andmigration. This demon-
strates that process automation does not interfere with
the formation of the microstructure. The presence of

Table 2.Chitosan solution concentration, viscosity and 3D
printability.

Chitosan

concentration% (w/v) Viscositya (cP)
Printability (3D

structure retention)

5.0 5400 (±30) √
5.5 8500 (±50) √
6.0 9000 (±50) √
6.5 15 000 (±200) √
7.0 36 000 (±230) √
7.5 45 000 (±310) √

a Spindle n.7; 13 ml solution; sampling after 10 s at 60 rpm.

Figure 3.Appearance of a 3Dprinted chitosan scaffold (a); ESEMpicture withmesh opening size (b); CADdesign (c).
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raffinose in the starting solution did not influence fila-
ment size. As for morphology, SEM images of both
chitosan scaffolds exhibited optimal surface homo-
geneity in terms of pore size and distributionwith some
differences between each other (Feret diameter: scaffold
without raffinose 10 ± 20 μm; scaffold with raffinose
3.5± 3 μm). The cross-sectional micrographs revealed
a regular interconnected and layered pore structure
(Feret diameter: scaffold without raffinose 7 ± 14 μm;
scaffold with raffinose 5± 4 μm) in the interior region
(figure 5(c)).

The XRD patterns of the raw chitosan powder and
the chitosan scaffolds with and without raffinose are
shown in figure 6. The diffractograms of the three
samples were very similar to each other, and no struc-
tural differences were observed between the scaffolds
with andwithout raffinose.

In a further step the capabilities of the printed scaf-
fold to retain water were tested. Dehydration in oven
at 30 °C for 3 h untill constant weight afforded a
homogeneous and significant loss of weight (from 67
± 4% to 79 ± 3% for the scaffold prepared starting

Figure 4.Macroscopic appearance of a 3Dprinted chitosan scaffold (a) and its CADdesign (b).

Figure 5. SEM images (200×magnification) of printed chitosan scaffolds (a), chitosan scaffolds prepared from a raffinose-containing
solution (b) (inset 700×magnification) and (c) chitosan scaffolds prepared from a raffinose-containing solution cross-section.

Figure 6.XRDof chitosan rawmaterial (powder) and 3Dprinted scaffoldswith andwithout raffinose.
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from chitosan solution and the raffinose-containing
solution, respectively) irrespectively of the number of
layers. This data confirms that the scaffold obtained
from the chitosan solution containing also raffinose
(initial water content 0.0487 g), were more hydrated
that those obtained with the chitosan solution (initial
water content 0.0332 g) [16].

Cell culture
As it as been well documented [12, 31–34], the scaffold
regulates the cellular functions through its architec-
ture. The percentage of porosity may, for example,
affect the number of cells that can adhere to the
scaffold. The diameter of the pores determines the
surface area and the number of cells that can physically
adhere to the surface influencing cellular infiltration
into the pores, increasing cell colonization and growth
within pores and alongfilaments.

The 3D-printed scaffolds prepared from chitosan
and chitosan enriched with raffinose solutions were
thus characterized for the interaction with cells and
their capacity to allow cell growth. The results were
compared with those obtained on chitosan scaffolds
produced by pouring the solution on a cast according
to Bettini et al [16]. For this purpose in vitro experi-
ments with human fibroblasts were performed, as they
represent a cell model frequently utilized for this kind
of studies [23, 24]. Figure 7 shows pictures of human
fibroblasts proliferating on the tested scaffold 28 days

after seeding. Cells seeded on scaffold obtained by
castingweremainly round and isolated; this behaviour
was observed for both type of these scaffold, although
a slightly higher number of cells seems proliferate onto
the scaffold prepared from the raffinose-containing
solution (figure 7(b)). As far as the 3D printed scaffold
are concerned, those prepared from the pure chitosan
(figure 7(c)) presented a more pronounced cell pro-
liferations relative to the relevant scaffold prepared by
casting (figure 7(a)); in this case the fibroblast were
organized in clusters barely depicting the structure of
the network of the scaffold. A significantly more pro-
nounced cell proliferation was obtained on the 3D
printed scaffold prepared from the raffinose-contain-
ing solution (figure 7(d)). Here the cell adhered and
proliferated onto the filaments in a very regular man-
ner practically covering the whole solid surface of the
network. These data were confirmed by SEM analysis
as reported onfigure 8.

The proliferation curves over 28 days onto the four
type of scaffold studied are presented in figure 9. Cells
seeded onboth casted and 3Dprinted chitosan scaffolds
displayed a significant and similar increase in number
from day 7 to 14 (+2 fold and+1.5 fold for casted and
3D printed scaffolds, respectively; p < 0.01 versus day
7); at day 28, fibroblasts onto 3D printed scaffold pre-
pared from pure chitosan solution did not further pro-
liferate, as the cell number was similar to that of day 14.
Similarly, cells onto chitosan casted scaffolds decreased

Figure 7. Image of calcein AM-stained fibroblasts grown for 28 days on chitosan scaffolds obtained fromfluorescencemicroscopy at
40×magnification. Chitosan scaffolds (a) and chitosan scaffolds prepared from a raffinose-containing solution (b) prepared following
themethod proposed by Bettini et al (2008); 3D printed chitosan scaffold (c) and 3Dprinted scaffolds prepared from a raffinose-
containing solution (d).
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to values similar to day 7 (1.03± 0.21× 104 compared
to 0.80 ± 0.13 × 104; p = ns), indicating a lowering in
their metabolic activity, likely ascribable to cell death.
On the other hand, both scaffold types prepared start-
ing from the raffinose-containing solution afforded a
time-dependent cell growth from 7 to 28 days, which
was more pronounced and less variable for 3D printed
scaffolds. Comparing fibroblasts number at each time
point of observation, it can be appreciated that, at 7 days
of culture, cell number was roughly similar on all scaf-
folds, while after 14 days a significant higher number of
cells was detected on 3D printed chitosan scaffold pre-
pared from the raffinose-containing solution (on aver-
age+1.43 fold increase compared to others; p< 0.01);
such difference was still appreciable after 28 days from
plating (on average+1.6 fold increase compared to oth-
ers; p< 0.05). Thesefirst results suggested that the com-
bination of chitosan and raffinose in the solution used
for the scaffold production, afforded the material that
better interacted with cells, favouring a constant cell
growth overtime. This confirms the findings of Bettini
et al [16]; these authors identified the augmented
hydrophilicity deriving from the viscosity modifying
agent (i.e. raffinose) addition as the reason for the

improvement in cell adhesion. These data
are also in agreement with the more recent work of
Romanova et al [35] who suggest that the electrostatic
interaction of positively charged deacetylated amino
groups of pure chitosan with the cell surface could
induce specific reorganization of integrin β1 on the cell
membrane that negatively affect both cell adhesion and
proliferation: water, that ismore retained on the surface
of scaffolds prepared with raffinose-containing solu-
tion, acts as a shield on those charges, thus, favouring
cell adhesion. The reticulated structure also offers a
greater surface of contact with respect to scaffolds
obtained by casting, which contributes to explain the
significant improvement in cell growth observed on 3D
printed scaffolds.

Finally, the proliferation efficiency of fibroblasts
allowed to grow onto scaffolds for 14 days and subse-
quently detached and re-seeded on regular well plates
was measured. As control, an equal number of cells
detached from a regular well plate and undergoing the
same culture conditions was considered. As seen in
figure 10, only cells detached from 3D printed chit-
osan scaffold prepared from the raffinose-containing
solution reached a number of cells similar to that of

Figure 8. SEM images (500×magnification) of printed chitosan scaffolds (a), chitosan scaffolds prepared from a raffinose-containing
solution (b)with fibroblasts grown for 28 days.

Figure 9.Proliferation curves, byMTT assay, of human fibroblasts grown on chitosan scaffolds (black circles) and chitosan scaffolds
prepared from a raffinose-containing solution (empty circles). Scaffolds prepared according to Bettini et al (2008) solid line; 3D
printed chitosan scaffold, dotted line. The bars represent the standard error of themean (n= at least 3). Comparison among days of
culture on the same scaffold: *p< 0.01 versus day 7; p< 0.05 versus day 14. Comparison among different scaffold at each time point:
# p< 0.05 versus all.
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the control (3.85 ± 0.04 × 104 compared to 4.12 ±
0.5 × 104; p = ns), while on all other scaffolds cell
number was significantly lower. These data indicate
that the 3D printed scaffold obtained from the raffi-
nose-containing solution were a support for cell
growth that afforded a cell functionality similar to that
of a standard culture plate.

Conclusions

In this paper a new and low cost method for the
automated production of chitosan scaffolds is
described.

The manufacture relies on a dedicated 3D printing
system that directly transposes a freeze-gelation method
allowing to overcome the drawbacks associated with the
production by casting [17]. In other words, the proposed
method affords highly reproducible structures both at the
macro andmicron level, however avoiding the expensive
and time consuming lyophilisation step [28]. In fact the
technique allows an elevated control of the geometry of
the scaffold, that accurately corresponds toCADdesign.

Furthermore, the system for the 3D printing devel-
oped is simple, safe and cheap and avoids the use of
organic solvent, the need of high process temperature
or the difficulty in the removal of dust that is typical of
analogous techniques of additivemanufacturing.

The structural architecture of scaffold has a dra-
matic effect on cell adhesion and proliferation.

A simple reticulated geometry with 400μm opening
affords a remarkable human fibroblasts adhesion and
proliferation. The composition of the starting chitosan
solution, in particular with the addition of raffinose, and
the 3D structure conferred by 3D printing synergistically
contribute to a significant improvement in cell adhesion
and growth. This can have positive and consistent reper-
cussion on tissue engineering application of these scaf-
folds inparticular for soft tissue repair.
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