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Integrated Design Strategy for Additively Manufactured
Scaffolds in Tissue Engineering

Pierpaolo Fucile, Teresa Russo,* Roberto De Santis, Massimo Martorelli,*
Michelina Catauro, and Antonio Gloria*

Additive manufacturing technologies allow for the direct fabrication of 3D
scaffolds with improved properties for tissue regeneration. In this scenario,
design strategies and 3D fiber deposition technique are considered to develop
advanced scaffolds with different lay-down patterns, tailored mechanical and
biological properties. 3D poly(𝝐-caprolactone) scaffolds are manufactured and
surface-modified (i.e., aminolysis). The effect of surface modification on the
mechanical and biological performances of the designed 3D scaffolds is
assessed.

1. Introduction

The need for functional devices which are able to replace or repair
tissues or organs is overwhelming.[1–5] Over the past few years,
synthetic polymers such as poly(𝜖-caprolactone) (PCL) have be-
come popular in many applications and new advances are being
made for the design of novel scaffolds for tissue engineering.[6–11]

In this scenario, additive manufacturing allows for the design
of advanced scaffolds with tailored architectures, mechanical and
functional properties. Conventional fabrication methods are not
able to precisely control the pore size and geometry, as well as the
spatial distribution of pores.[4,5,9–11]

Design represents the main creative activity of engineering.
Usually, the engineers benefit from a series of steps to create
functional products and processes. Even though different sim-
plified and generalized models have been reported in the lit-
erature, the common stages of the engineering design process
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generally include research, design require-
ments, feasibility, concept generation,
preliminary design, detailed design, de-
sign for manufacturability, and production
planning.[12]

Conceptual design is considered the first
phase of design. It provides a description
of the proposed system in terms of a set of
integrated ideas and concepts with a spe-
cial focus on its function, structure and
behavior.
Additively manufactured PCL scaffolds

with controlled structural and surface
properties were already developed.[12,13] The efficacy of a two-step
procedure for peptide graftingwas already demonstrated. The an-
alytical quantification of functional groups and/or peptides at the
interface was also performed.[13]

Thus, the combination of designmethods with additivemanu-
facturing and functionalization/bioactivation strategies can lead
to the development of advanced scaffolds for tissue regeneration.
Accordingly, the current research aimed at providing a further

insight into the design and analysis of 3D additively manufac-
tured and surface-modified PCL scaffolds.

2. Results and Discussion

Integrated design strategies together with the structure-property
relationship play an important role in the development of ad-
vanced materials for specific applications.[7,8]

The potential of reverse engineering, computer-aided design
and theoretical analysis has been widely reported in the litera-
ture. Accordingly, over the past years the advances in methodolo-
gies [14–17] and design strategies [17–19] have pushed the research
towards the development of innovative devices in different fields.
Many efforts have beenmade in engineering biomedical devices,
especially focusing on materials,[4,10,20–22] as well as on experi-
mental [8–10,16] and theoretical [17–19] studies.
It is frequently stressed that the functional behavior of 3D ad-

ditively manufactured scaffolds is dependent on the pore spa-
tial distribution as well as on the geometrical and architectural
features.[9,13]

For this reason, an optimization strategy was considered to de-
velop the 3D scaffolds, also focusing on the technological features
related to the fabrication process.
In particular, 3D PCL scaffolds with required functional and

mass transport properties were manufactured using predefined
or optimized lay-down patterns and unit-cell architectures. The
pore geometry and porosity as well as the mechanical and mass
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Table 1. Typical results from compression tests performed on neat and
surface-modified 3D scaffolds (fiber diameter of 400 µm, strand distance
of 600 µm, layer thickness of 300 µm): modulus (E) and maximum stress
(𝜎max).

Lay-down pattern Neat scaffolds Surface-modified scaffolds

E [MPa] 𝜎max [MPa] E [MPa] 𝜎max [MPa]

0°/60°/120° 72.6 6.0 13.2 0.8 70.1 6.3 13.0 0.9

0°/90° 96.1 7.0 14.6 0.9 93.5 8.0 14.2 0.8

The results are reported as mean value ± standard deviation.

transport properties of the 3DPCL scaffolds were tailored by vary-
ing the lay-down pattern (i.e., sequence of stacking) and further
parameters.
The stress-strain curves obtained from compression tests were

consistent with those reported in the literature.[9,13] The compres-
sive modulus was evaluated from the slope of the linear region of
the stress-strain curve. Table 1 reports typical values of compres-
sivemodulus andmaximum stress obtained for neat and surface-
modified PCL scaffolds.
Results from compression tests (Table 1) evidenced that the

surface modification process did not significantly alter the com-
pressive properties (i.e., modulus and maximum stress) of the
manufactured scaffolds.
Furthermore, nanoindentation was considered to assess the

effect of the treatment on the surface properties of the scaffolds.
This technique provides the possibility to map the surface me-
chanical properties. In the investigated load range, nanoindenta-
tion measurements on the surface-modified PCL fibers provided
hardness values ranging from 0.12 to 0.05 GPa, which were lower
than those found for the neat PCL fibers (from 0.40 to 0.21 GPa).
The observed differences were statistically significant (p < 0.05).
Although the surface modification reduced the hardness, the

treatment did not negatively affect the compressive mechanical
performance of the additively manufactured scaffolds, also con-
firming the previously obtained results.[13]

On the other hand, in vitro biological tests were performed to
evaluate the behavior of hMSCs. Figure 1 reports the results as
percentage of Alamar Blue reduction over time.
For the different kinds of constructs, the values of Alamar Blue

reduction significantly increased (p < 0.05) over the investigated
time period; thus, indicating cells survival and proliferation.
Even though at day 1 no significant differences (p > 0.05) were
observed among the different groups, the effect of the surface
modification was well evident at 3 and 7 days after cell seeding.
Specifically, for each lay-down pattern, if compared to the neat
structures, higher values of Alamar Blue reduction were found
for the surface-modified scaffolds, suggesting that the surface
modification significantly improved cell viability/proliferation (p
< 0.05).

3. Conclusion

Within the limitations of the current research, the following con-
clusions were reached:

1) An integrated approach was reported to develop advanced
scaffolds for tissue regeneration. Design strategies were com-

Figure 1. Typical results from in vitro biological tests: percentage of Ala-
mar Blue reduction evaluated for the cell-laden scaffolds. Data are reported
as mean value and error bar represents the standard deviation.

bined with additive manufacturing (i.e., 3D fiber deposition
technique) and functionalization routes.

2) The strategy confirmed the potential of tailoring the perfor-
mances of the additively manufactured scaffolds to guide cell
behavior.

4. Experimental Section
Design problem, additive manufacturing and theoretical/experimental

analyses were the basic steps of the current research.
3D poly(𝜖-caprolactone) scaffolds with two different lay-down patterns

(0°/90° and 0°/60°/120°) were fabricated by an additive manufacturing
technique based on injection/extrusion methods (i.e., 3D fiber deposi-
tion/fused deposition modeling). In brief, pellets consisting of poly(𝜖-
caprolactone) (PCL) were heated using the cartridge unit on the mobile
arm of a 3D plotter (Envisiontec GmbH, Germany). 3D PCL scaffolds were
fabricated by injecting/extruding the material through a needle. The fibers
were deposited along specific directions between two successive layers
according to the selected lay-down pattern. A nitrogen pressure of 7.0 bar
and deposition speed of 40mmmin-1 were employed. The additively man-
ufactured scaffolds were characterized by the fiber diameter, fiber spacing
(i.e., strand distance, center-to-center distance) and layer thickness. The
fabricated PCL scaffolds were surface-modified (i.e., aminolysis).[13]

The effect of surface modification was evaluated through mechanical
and biological tests.

Mechanical compression tests were performed on the 3D scaffolds at
1 mm min-1 up to a strain of 0.5 mm min-1, using an INSTRON 5566
testing machine. The “apparent” stress (𝜎) and strain (𝜖) were calculated
as reported in previous works.[9,13]

Nanoindentation analyses were carried out on neat and surface-
modified PCL fibers using Nanotest Platform (Micromaterials, U.K.) in a
well-defined load range (1–5 mN). A diamond pyramid-shaped Berkovich-
type indenter tip was employed. Trapezoidal load functions characterized
by specific values for load hold periods (i.e., 20 s) and loading-unloading
rates (i.e., 300 µN s-1) were considered. Hardness values were evaluated
from the load-depth curves, according to the Oliver and Pharr method.

Cell viability and proliferation were analyzed at different time points
using the Alamar Blue assay (AbD Serotec Ltd, UK) and the results
were reported as a percentage of Alamar Blue reduction. Neat and
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surface-modified scaffolds were prepared for cell seeding following a
reported protocol.[8,9] They were seeded with bone marrow-derived
human mesenchymal stem cells (hMSCs) using 1 × 104 cells/sample.
The experiments were done at least three times in triplicate.

The data were analyzed by ANOVA followed by Bonferroni post hoc test.
A value of p < 0.05 was considered statistically significant.
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