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Abstract

In the past few years, researchers have focused on the development of three-dimensional (3D) advanced scaffolds and multifunctional
hydrogel-based materials.

As reported in literature, 3D polymer-based composite scaffolds for tissue engineering have been manufactured through conventional and
advanced manufacturing techniques, and different injectable materials and hydrogel-based systems have been proposed and studied.

The aim of the current research was to define an approach in the development of multifunctional tools spanning from 3D hierarchical scaffolds
for soft tissue engineering to advanced hydrogel-based devices for in situ cell or drug release. The mechanical/rheological behaviour as well as
the structural/functional features of the designed devices were discussed and analyzed.
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1. INTRODUCTION “solids” or injectable formulations, taking into account the

specific application [3-25]. Hydrogel-based composites and

Over the past years, in the field of tissue repair and
regeneration, researchers’ attention has been focused on
natural and synthetic polymers. In particular, polymer-based
composite materials may be designed to possess enhanced
mechanical and functional properties, however showing
adequate flexibility, strength and structural integrity at the
same time [1, 2].

With regard to the tissue engineering approach, porous
scaffolds with improved bioactivity and tailored properties
may be developed by processing polymer-based materials. In
this context, advanced devices may be designed in the form of

semi-interpenetrating polymer networks (semi-IPNs) have
been widely developed and analysed as patches to promote the
regeneration of hard and soft tissues or injectable devices for
in situ drug or cell release, reducing surgical invasiveness [5,
7, 8, 17-19, 25]. As an example, in the nucleus pulposus
regeneration, as well as in the treatment of central nervous
system neurodegenerative disorders (i.e., Alzheimer’s and
Parkinson’s diseases), or cardiovascular disease, advanced
hydrogel constructs may play a crucial role as reservoir
systems to deliver specific biomolecules to targeted sites.
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Even though polymeric devices have been mainly
developed for cartilage and intervertebral disc regeneration, in
the field of bone tissue engineering both injectable materials
and 3D “solid” scaffolds have been properly reinforced with
inorganic micro/nanoparticles to design high functional
devices [11, 12, 20-22, 25].

Anyway, the strategy relies on the combination of cells
with appropriate scaffolds and biomolecules. A scaffold
should typically possess an interconnected pore network able
to support cell adhesion, proliferation and differentiation, also
promoting the extracellular matrix deposition, which is crucial
for the regeneration process.

The possibility to design multifunctional and complex
structures has been provided by the advances in 3D scaffold
fabrication techniques achieved through the additive
manufacturing approach [12, 14-16, 20-25].

On the other hand the potential to develop advanced
hydrogel-based systems with optimized properties clearly
benefits from accurate mechanical/rheological and functional
analyses.

Accordingly, the aim of the present research was to define
an approach in the development of multifunctional tools
spanning from 3D hierarchical scaffolds for soft tissue
engineering to advanced hydrogel-based devices for in situ
cell or drug release. The mechanical/rheological behaviour as
well as the structural/functional features of the designed
devices were analysed.

2. MATERIALS AND METHODS

Several injectable collagen-based materials were prepared by
promoting collagen fibrillogenesis at 37°C for 1h.
Furthermore, multilayer systems consisting of three collagen-
based layers, with different compositions, were also fabricated
combining a conventional method with an electrospray-based
technique.

The viscosity as a function of the shear rate was assessed
through steady state shear measurements at a temperature of
37°C in a wide range of shear rate, and the viscoelastic
properties (storage modulus and loss modulus) were studied
through small amplitude oscillatory shear tests. All the tests
were carried at a temperature of 37°C, using a rheometer
(Gemini, Bohlin Instruments). The injectability properties
were also investigated simulating the clinical practice, and
scanning electron microscopy (SEM) were carried out to
assess the morphological features of the injectable materials
and of the multilayer systems.

On the other hand, 3D poly(e-caprolactone) scaffolds with
different lay-down patterns were fabricated through an
additive manufacturing process (i.e., 3D fiber deposition
technique).

Poly(e-caprolactone) (PCL, My = 65 000, Sigma-Aldrich, St.
Louis, MO) pellets were placed in a syringe and then heated at
a temperature of 100-120°C using the cartridge unit placed on
the mobile arm of a 3D plotter (Envisiontec GmbH, Gladbeck,
Germany).

In  particular, 3D PCL scaffolds were built by
injecting/extruding and depositing the fibers along well

defined directions between two successive layers according to
the selected lay-down patterns (i.e., from 0°/90° to
0°/45°/90°/135° or specific radial and circumferential layers).
A nitrogen pressure of 8.5 bar was then applied to the syringe
through a cap. The stainless steel nozzle used to extrude the
PCL fibers possessed an inner diameter of about 500 um.
Different customized 3D PCL scaffolds were fabricated
according to the specific application. They were characterized
by the fiber diameter (depending on the deposition speed
and/or the needle inner diameter), the fiber spacing (center-to-
center distance) and layer thickness, which influenced the pore
size. A deposition speed of 45 mm/min was employed.

3D complex hierarchical structures were also obtained by
properly loading the collagen-based gels into the
interconnected pore network of the fiber deposited scaffolds.
Both acellular or cell-loaded micro/nanocomposite gels were
considered.

Compression tests were carried out on the 3D scaffolds as well
as on the gel-loaded hierarchical structures at 1 mm/min using
an Instron 5566 testing machine.

3. RESULTS AND DISCUSSION

Results from small amplitude shear tests on the injectable and
multilayer systems evidenced that G’ was always higher than
G”’ in the frequency range analysed, and the values of both
dynamic moduli increased with frequency (Fig. 1).
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Figure 1. Results from small amplitude oscillatory tests on a collagen-based
composite: storage modulus (G”) and loss modulus (G’*) as function of
frequency. A typical effect of the injection through clinical needles.

The viscosity decreased with increasing the shear rate (shear
thinning behaviour) (Fig. 2), and the composition (i.e.,
collagen concentration and amount of gelatin particles)
influenced the viscoelastic properties as well as the flow
behaviour and injectability.
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Figure 2. Viscosity as function of shear rate for a collagen-based composite.

The load-displacement curves obtained from injectability tests
provided interesting information in terms of characteristics
load values to inject the materials into and through the clinical
needles (i.e., maximum load and plateau load) (Fig. 3).
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Figure 3. Results from injectability tests: typical load-displacement curve for
a collagen-based composite.

SEM analysis showed the influence of composition on the
structural/morphological features of the developed collagen-
based networks, also contributing to understand the structure-
property relationship.

With regard to the 3D hierarchical scaffolds, it is well known
that by varying the lay-down patterns (i.e., sequence of
stacking) it is possible to tailor the pore geometry and
porosity as well as the mechanical and mass transport
properties of the structures. A decrease of scaffold stiffness
was generally observed increasing porosity and number of
deposition angles (i.e., from 0790" to 0°/45/90°/135") as
already reported in the literature [24]. The compressive
stress-strain curves generally showed an initial linear region

followed by a zone with lower stiffness. Finally, a further stiff
region was well evident until the strain limit was reached [12,
15, 16, 24, 25].
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Figure 4. Results from compression tests performed on 3D gel-loaded
hierarchical scaffolds with specific radial and circumferential layers: typical
J-shaped load-displacement curve up to a displacement level of 0.8 mm.

Anyway, in the case of structures and geometries normally
required for complex tissues, multiphase structures in the
form of 3D gel-loaded hierarchical scaffolds consisting of
different regions (i.e., central region and porous
circumferential layers to reproduce the specific tissue
structure - concentric lamellae in the case of the intervertebral
disc), showed a J-shaped load-displacement curves (and
hence, stress-strain curves), suggesting high flexibility and
relatively high strength (Fig. 4).

4. CONCLUSION

The design of injectable and multilayer hydrogels as well as
of 3D fiber deposited scaffolds and gel-loaded hierarchical
devices was proposed. The possibility to optimize and tailor
the  structural/functional  features, flow  behaviour,
mechanical/viscoelastic properties was also discussed.
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