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Abstract

The possibility to obtain resistant and reusable hollow devices with differentiated high porosity for storage and tunable
long-term controlled release of substances is difficult to achieve efficiently. To solve this problem, we propose a combined
melt-wet processing, which allows predictable and tunable morphologies. The process consists in combining Material
Extrusion (MEX) with an eco-friendly salt leaching in distilled water, by using a biostable polymer and high percentages
of saline porogen. Three blends with PA6/NaCl-30/70wt% composition were extruded, varying the salt particles size, that
shows good dispersion in all the filaments, with a spontaneous tendency for bigger particles to accumulate in the central
region of the cross-sections, attributable to fluid-dynamic reasons. Blends rheological and mechanical properties appeared
suitable for the printing process. The hollow devices were then printed and successfully leached, resulting in homogeneously
dispersed pores, with size ranges comparable to those of the porogen for each blend; therefore, the morphology of the pores
can be directly predicted by the porogen and it was not altered during processing. Leaching occurred completely, in fact
the real porosity for each device was consistent with the theoretical one. Despite the high percentage of voids, the hollow
devices appeared to be mechanically resistant and therefore suitable for the application. Controlled release up to 11 days
of a model molecule (methylene blue) was tested and predictable kinetics related to pore size were achieved so, therefore,
they are easily tunable and versatile. Release data were fitted according to Peppas-Korsmeyer-model to describe the release
mechanism related to porosity.
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Highlights

o Combined process of MEX and salt leaching to achieve high
porosity and versatility.

e PA6/NaCl 30/70%wt blends, with biostable polymer and Optimization in the production of porous systems represents
different salt granulometry. a multidisciplinary innovation frontier, as these currently

o Predictability of pore morphology and possibility of achieving occupy leading roles in different applications, as biodegrad-

porosity gradients. . .
e Production of reusable porous devices for tunable long-term able or biostable systems [1-4]. Porous systems, in fact, can

1 Introduction

controlled release. be used for the controlled release of substances as the per-
. Possibility of adjusting release kinetics through easy changes in centage of porosity and the type of porosity allow significant
porogen size. influence on the kinetics of their release, enabling regulation
54 Maria Chiara Mistretta and adaptation to specific needs. Controlled release typi-
mariachiara.mistretta@unipa.it cally involves drugs and results in the ability to regulate the

54 Roberto Scaffaro concentration of the drug in some parts of the body over
roberto.scaffaro @unipa.it others [5]. Besides drugs, porous devices have recently
Marta Balsamo been used to release also hormones or other biomolecules
marta.balsamo01@unipa.it to treat chronic diseases, such as diabetes [6]. In addition

to controlled release of drugs or hormones, which is useful
in advanced pharmaceutical therapies, controlled release of
fertilizers and pesticides is gaining importance nowadays,
as it plays a substantial role in sustainable agriculture [7-9].
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Among the possible modes of controlled release of sub-
stances by porous devices, a possible distinction can be made
between monolithic-type devices, in which the substance is
homogeneously dispersed in the matrix, and reservoir-type
devices, in which the material acts as a capsule containing
the substance [10]. The latter case has advantages over the
former, in terms of the possibility of refilling and reusing the
device, if biostable. In addition, the substance can be loaded
after the production of devices, so it will not be subjected to
the material processing, which could alter its functionality.
These are hollow structures, generally cylindrical or discoi-
dal in shape, biodegradable or biostable, depending on the
duration of the application [11, 12]. The main problem with
this type of structure is that the device will have to be han-
dled during filling, so it will have to be mechanically resist-
ant and, at the same time, it will need sufficient porosity to
ensure the release of the substance with predictable kinetics.
The production of hollow body with differentiated porosity
suitable for encapsulation and controlled release is a major
processing problem to date. Simplifying their production
and improving their performance is, therefore, a particularly
relevant area of research.

Among the methods of processing polymeric materials,
Material Extrusion (MEX) additive manufacturing process
offers advantages related to simplicity and cost-effective-
ness [13], and also enables the production of porous devices
by adjusting CAD and printing parameters. However, this
technology is limited by resolution limits, which restrict the
range of pores and porosities achievable to those guaranteed
by the printer’s performance [14, 15]. Combining this pro-
cess with equally simple methods, such as selective leach-
ing of porogens, would make it possible to create additional
porosity regulated by the porogen. Furthermore, the use of
saline porogens such as sodium chloride (NaCl) could be
extremely advantageous and green, as it is easily available
and processable, and soluble in simple distilled water: in
fact, it is widely used in combination with other processes
[16-19].

The use of salt leaching in conjunction with MEX,
definable as a combined melt-wet processing, therefore,
is an innovative and advantageous field, but not so much
explored, probably due to difficulties in identifying the
most correct process parameters for polymer/salt blends
at elevate salt percentage. For this reason, there are few
works on this subject in current data and, in any case,
the porosity values remain low: Devarshi Kashyap et al.
[20], produced a porous system for endovascular appli-
cations with a porosity of 32-36%; Gonzélez-Henriquez
et al. [21], worked on the production of a polycaprolac-
tone polycaprolactone-based scaffold achieving an overall
porosity of 42%; Teerasuchai et al. [22], achieved porous
polybutylene succinate structures for drug delivery, with
a maximum of 40/60 wt% polymer/salt; Kosorn Wasana
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et al. [23], produced cartilage scaffolds based on polycap-
rolactone, using NaCl as porogen, at 50/50 wt% polymer/
salt. In other works, however, non-melt MEX techniques
are used with salt leaching, which allow for high poros-
ity percentages but generally require multiple steps and
solvent to prepare the ink, [24, 25].

Based on our current understanding to date, there are no
studies on the use of this combined technology for the pro-
duction of hollow device with differentiated porosity, which
could be extremely advantageous for all the reasons seen
above. In this regard, we propose the production of biosta-
ble polyamide 6-based porous hollow device for the storage
and long-term controlled release of substances, combining
MEX and NaCl leaching. In order to achieve high porosity
percentages, we used PA6/NaCl blends at 30/70 wt%, which,
to the best of our knowledge, have not been processed in any
work to date. In addition, we made three different mixtures,
varying the granulometry of the salt, in order to demonstrate
the predictability of the pore size and of the release kinetics.
The mixtures were extruded and the filaments were printed
in devices that appear porous after leaching. Morphological,
chemical and mechanical characterizations were conducted
before and after printing and before and after leaching in
order to analyze the properties of the blends and devices.
Finally the release kinetics of methylene blue, selected as a
model molecule, was evaluated, to demonstrate the possibil-
ity of using them as reusable and tunable controlled release
reservoir-type devices.

2 Materials and methods
2.1 Materials

The raw materials used in this work were polyamide 6 (PA6)
(Radilon S35 100 NAT, pyys = 1.14 g/cm3), as matrix, and
sodium chloride (NaCl) (Fluka, Honeywell, py, = 2.16 g/
cm3), as porogen.

NaCl was processed in three different ways in order to
produce three samples with different particles dimensions.
The prepared three samples were coded on the base of NaCl
size fraction: NaCI_A, produced by Bimby TM6 (Vorwek,
Germany), with particles diameter ranging between 1 and
250 pm; NaCl_B supplied by halotherapy centre 'Gemme di
Sale—Benessere naturale' in Palermo, with particles diam-
eter ranging between 0.5 and 50 pm; NaCl_C produced by
Universal Mill M 20 (IKA, Germany) with particles diam-
eter ranging between 0.5 and 15 pm. Detailed size distribu-
tions of NaCl particles are reported in Fig. S1.

All materials were vacuum dried for 24 h at 120 °C in
order to avoid hydrolytic degradation of the polymeric
matrix during processing.
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Table 1 Filaments prepared by extrusion of PA6/NaCl in different
porogen granulometry

Sample Code Matrix Porogen Granulometry
of Porogen
(pm]

Fil_A PA6 30% NaCl_A 70% 1.0—275

Fil_B PA6 30% NaCl_B 70% 0.5—50

Fil_C PA6 30% NaCl_C 70% 0.5—15

2.2 Filaments processing

Both PA6 and PA6/NaCl filaments in the three blends were
produced by extrusion using HAAKE Minilab IT (Thermo
Scientific, USA). Initially, the extrusion of PA6 was con-
ducted in order to establish the most suitable process param-
eters. PA6 was extruded in flushing mode at a temperature
of 240 °C, a pressure of 6 bar and screws speed of 50 rpm.
PA6/NaCl, with composition 30/70%wt, were mixed and
extruded in recirculating mode, for each NaCl sample. Spe-
cifically, 8 g of material (2.4 g of PA6 and 5.6 g of NaCl)
was extruded at a temperature of 260 °C, a pressure of 6 bar,
screws speed of 50 rpm and recirculating time of 1 min,
producing three different filaments, namely Fil_A, Fil_B and
Fil_C. PA6/NaCl filaments compositions are summarized
in Table 1.

The salt percentage was selected as 70% because, in our
previous works, blends with similar polymer/porogen com-
position ensured adequate porogen leaching and high poros-
ity, although processed differently [16, 26]. All filaments
produced have diameters of 1.75 mm, suitable for the 3D
printer. Finally, PA6/NaCl filaments produced were sub-
jected to a selective leaching process in 100 ml of distilled
water, on a magnetic plate at 80 °C for 24 h at 750 rpm, to

remove the porogen NaCl. This process is followed by a final
vacuum drying at 120 °C for 24 h.

2.3 Fabrication of 3D printed devices

The porous hollow devices (HD), coded HD_A, HD_B
and HD_C, were produced by Material Extrusion (MEX)
additive manufacturing process (Sharebot Next Generation,
Nibionno) of previously extruded blends filaments Fil_A,
Fil_B and Fil_C respectively, after a preliminary analysis
conducted on PA6 filaments. Fusion 360 CAD software
(Autodesk, USA) was used for 3D modeling and the open
source Slic3r software was used for model slicing. The
aim was to produce cylindrical hollow devices with inner
diameter of 7 mm, height of 5 mm, base thickness of 1 mm
and lateral wall thickness of 1 mm, dimensions chosen in
relation to similar systems in scientific literature [11]. The
optimal process parameters chosen for all blends were: T
nozzle 250 °C, T plate 80 °C, extrusion flow rate from the
nozzle 37.5 — 35 — 32.5 mm3/s, printing speed 10 mm/s and
glue stick (Pritt, Germany) on rough plate. A summary is
provided in Table 2.

Finally, the devices produced were subjected to the same
selective leaching and vacuum drying process of the fila-
ments. Figure 1 shows the CAD model of the device (a),
and its printed, leached and dried version from the front (b)
and from the top (c).

2.4 Morphological analysis

The morphology of salt particles, filaments, and devices was
evaluated by scanning electron microscopy SEM Phenom
ProX (Thermo Scientific, USA). As regards filaments, the
morphology of the lateral surface and section, before and

Table 2 Process parameters for

R Sample Code T nozzle [°C] T plate [°C] Flow rate Speed mm/s Glue Rough Plate
PA6/NaCl filaments printing mm3/s
HD_A 250 80 37.5 10 + +
HD_B 250 80 35 10 + +
HD_C 250 80 325 10 + +

Fig.1 CAD model the cylindri-
cal hollow devices a; leached
and dried PA6/NaCl device
from the front b and from the
top ¢
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after leaching, was assessed. The sections were obtained
by manual fracture under liquid nitrogen. Subsequently, the
morphology of printed and leached devices was evaluated,
on lateral surface and section; the latter was obtained by
cutting with a scalpel between the layers deposited by MEX.
The open-source image processing software ImagelJ, was
used to evaluate the diameter size distribution of particles
and pores. For each system, 100 diameters on three different
images were considered.

2.5 Rheological characterization

The rheological tests were conducted using a rotational
rheometer (ARES-G2, TA Instruments, USA), in fre-
quency sweep mode, in order to assess the processability of
blends. All the tests were performed at 240 <C in the range
1-100 rad/s. The circular specimens tested were obtained by
compression molding with Carver press, at 240 °C, 275 bar
and 1 min holding. All blends were tested and complex vis-
cosity as a function of angular frequency has been reported.

2.6 Mechanical properties

The mechanical behavior was assessed by tensile test for
the unleached extruded filaments, in order to assess the
printability of blends, and by compression in air and wet
at 37 °C (BioPuls Bath (Norwood, MA)) for the leached
printed devices, in order to simulate the operational condi-
tions of hollow devices, by using an Instron 3365 machine
(UK).

Tensile tests were performed on seven filaments of 9 cm
for each blend, using a double crosshead speed: 1 mm/min
until 2 mm and 100 mm/min until fracture occurred. Elastic
modulus, breaking stress and elongation at break have been
reported as average values + standard deviations.

Compressive tests were performed on seven leached
devices for each blend in dry and sevens leached devices
in wet, using a uniform strain rate of 1 mm min-1. Com-
pressive tests were conducted along the direction in which
the device is sealed, thus the most mechanically stressed
direction, which is the direction normal to the base. In order
to prepare samples to measurements in wet, scaffolds were
left in distilled water at 37 °C for 5 min to stabilize the sys-
tem. Stiffness has been reported as average value + standard
deviation.

2.7 Differential scanning calorimetry (DSC)

The thermal behavior of PA6 and of PA6/NaCl leached
blends subjected to the various extrusion/leaching pro-
cesses was investigated by differential scanning calorim-
etry (DSC), in order to assess any changes in crystallinity
to be attributed to processing. Specimens were analyzed
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in Chip-DSC 10 (Linseis Thermal Analysis, Germany),
according to the following thermal program: first heating
from T ambient to 260°C (3 min hold), cooling to 30-C
(3 min hold), and second heating to 260°C, all steps at
10-C/min. The degree of crystallinity (X.) of the samples
was calculated according to equation [27]:

C

AH,,

m

where AH,, represents the experimental enthalpy of melting
of the sample (J/g), AHS1 is the enthalpy of melting for 100%
crystalline PA6 (J/g), taken as 230 J/g [28].

2.8 Porosimetry

Porosity of devices has been obtained by various meth-
ods, in order to evaluate the effectiveness of leaching, by
comparing theoretical and real porosities. First, theoretical
porosity Py, was calculated according to equation [29]:

Myaci

Pp% = 2 % 100 )

Myacy + Mpae
PNacl PNy6

where my;, and mp,c are NaCl mass and PA6 mass respec-
tively, considering total blend mass of 100 g and PA6:NaCl
ratio equal to 70:30; py,c; and pp,¢ are NaCl density and Pa6
density respectively, values known by materials’ providers
(ppac = 1.14 g/cm3 and py,; = 2.16 g/cm3). This value
represents the case of complete leaching.

Subsequently, the real porosity Pg,,, of each device was
obtained by gravimetric analysis, according to equation:

MoNaci

PNacl
P Grav% = m,
Monact 0PA6

X 100 3)

PNacl PPra6

where mgp,¢ is the mass of the devices after leaching and
drying obtained from a precision balance and is the mass of
salt lost during leaching, namely, the difference between the
mass of the devices before and after leaching and drying.

Porosimetry investigation was also conducted using
Pycnometry (Thermo Pycnomatic Helium Pycnometer
(Pycnomatic ATC, Thermo Fisher, USA), by obtaining
effective density py py. 1.€. the calculated and real density
of devices. Real porosity Pp,,, was obtained according
to equation:

Mingcy
PNacl
Py, =———x100
P, }‘"0% Myaci + Mpag X )
PNacl PE Pa6



Advanced Composites and Hybrid Materials (2025) 8:167

Page50f14 167

where the terms in the equation have the meanings seen
above.

2.9 Invitro controlled release and kinetic models

Substance release performance from device pores was
evaluated by in vitro controlled release test of a model
molecule, easy to track; leached and dried devices were
entirely filled in their internal volumes with a solution
based on methylene blue (MB) purchased by Sigma-
Aldrich and distilled water, at a concentration of 500 mg/L
(= 0.15 ml). Following the filling of solution, the devices
were sealed with melted PA6 pellets. Model drug release
was tested using a UV—Vis spectrophotometer (model
UVPC 2401, Shimadzu Italia s.r.l., Milan, Italy). The
release of MB was investigated by immersing each device
in 10 mL of distilled water at 25°C. The absorbance band
intensity of the solutions was measured at specific time
points (1, 2, 3, 4, 24, 48, 72, 96, 168, 264 h) by spectro-
photometry at 660 nm [30].

The mechanism of release from the different devices was
analyzed by fitting zero order, first order, Higuchi and Kors-
meyer-Peppas models to the experimental data in the range of
burst region (M/M, <60%) [30-32].

The zero-order kinetics model assumes that drug release is
constant, according to equation:

M, = M, + kot ®)

where M, and M, are the cumulative amounts of drug release
at time t and initial time, respectively, and k; is the zero
order constant.

First-order kinetics model follows equation:

M, =M(1 —ehh (6)

where M is the value of cumulative mass released at pla-
teau and k; is the first-order release constant.
The Higuchi model uses equation:

M, = My + kyt*? ©)

where ky; corresponds to the Higuchi constant.
Finally, the obtained release data were fitted according to
Peppas-Korsmeyer equation:

- =kt ®)

where kp is the molecule transport constants and n is the
transport exponents.

For each model, the respective kinetics constants were
evaluated and the statistical parameter R> was used to select
the most suitable model.

3 Results and discussion

As first inspection to filaments, the morphology of the
extruded cross-sections and lateral surfaces of PA6/NaCl
blends before leaching and the corresponding particles
diameter distributions are shown in Fig. 2.

Specifically, Fig. 2a—c shows the cross-sections of
the extruded Fil_A, Fil_B and Fil_C, respectively and
Fig. 2a’—c’ shows the respective lateral surfaces. In all the
samples, salt particles appear well distributed, as sign of
good mixing. In addition, voids generated by pull-out of
salt particles are present in the sections before leaching,
probably due to poor interfacial adhesion between matrix
and porogen. It is immediately apparent that particles
size is smaller in lateral surfaces area than in the cross-
sectional area, for all PA6/NaCl blends: this apparently
surprising trend is consistent with the scientific literature
[22] and it is attributable to the tendency of particles to
migrate laterally towards the centre when subjected to a
Poiseuille flow within the extruder; furthermore, there
is a correlation between this tendency and particle size,
which means that larger particles tend to accumulate in
the central area and smaller particles remain close to the
wall [33]. This condition is interesting, as it spontaneously
generates a porosity gradient along the section.This trend
is also confirmed on a quantitative level, in fact particles
size distribution histograms are also shown in all cases:
for each blend, the particle sizes in the cross-section are
always significantly larger than those in the lateral sur-
faces, as expected; furthermore, for each blend the distri-
bution range of pores in cross-sections remains similar to
the salt size range before extrusion, which can be found in
Table 1. These results show that processing does not cause
fragmentation or agglomeration of particles, so the pores
have a predictable size in all the blends.

Figure 3 shows the morphology of the extruded
cross-sections and lateral surfaces of PA6/NaCl blends
after leaching and the corresponding pores diameter
distributions.

Specifically, Fig. 3a—c shows the cross-sections of the
extruded Fil_A, Fil_B and Fil_C blends after leaching,
respectively and Fig. 3a’-b’ shows the respective leached
lateral surfaces. Both qualitatively through visual inspec-
tions and quantitatively by histograms, it is confirmed that
the pores size is larger in the cross-sections than on the
lateral surfaces, according to Fig. 2; furthermore, in the
histograms, it can be seen that the range of pores distribu-
tion is similar to that of the salt prior to leaching, thus,
as expected, the pores size is predictable. A summary of
pores and porogen statistic based index of the distribution
in the systems is reported in Table S1, where the size range
in maximum and minimum values, average diameters and
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Fig.2 SEM images of extruded filaments and histograms of particles’ diameter distributions: Fil_A (a), Fil_B (b), Fil_C (¢) cross-sections and
Fil_A (2"), Fil_B (b’), Fil_C (c¢’) lateral surfaces. Scale bar is 100 pm

100 150 200

Fig.3 SEM images of extruded filaments and histograms of pores’ diameter distributions: Fil_A (a), Fil_B (b), Fil_C (c) cross-sections after
leaching and Fil_A (a’), Fil_B (b’), Fil_C (c’) lateral surfaces after leaching. Scale bar is 100 pm

@ Springer
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standard deviation values for each system were reported,
showing values consisten with those expressed so far. The
larger and rounded pores visible in lateral surfaces are
probably surface irregularity due to the extrusion process.
Finally, no residual porogen can be found in the images, so
it is possible to confirm that the leaching was substantially
complete.

The adequate distribution of the porogen within the fila-
ments and the possibility of complete leaching revealed by
the morphological characterization, confirm that they could
be suitable for the production of porous devices. Therefore,
following scientific literature [34], rheological tests were
carried out by rotational rheometer, to analyze the printing
behavior of PA6/NaCl blends and the results are reported in
Fig. 4. Since it is known that the Cox-Merz rule is not appli-
cable in systems with high filler content [35], we refer to the
complex viscosity trend. It allows an internal comparison
between systems and, therefore, enables useful assessments
of processability of systems with and without porogen and
with different morphology of the latter [35]. It was useful to
make a comparison with PA6 to assess how the presence of
salt changed the viscosity of the matrix and, consequently,
its processability.

PAG6 exhibits substantial Newtonian behavior in the inves-
tigated frequency range, characterized by an almost constant
complex viscosity, as reported in literature [36]. Adding salt
induces a non-Newtonian behavior and a general increase in
complex viscosity in the whole frequency range for all the
samples, showing a predictable relationship of the properties
with the presence of porogen in the blends [37]. This is a
known behavior, in fact increased complex viscosity is gen-
erally attributed to a strong interaction between the dispersed

—— PA6
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Fig.4 Complex viscosity as a function of angular frequency for PA6
and PA6/NaCl blends

filler and the matrix that restricts the movement of the poly-
mer chain, as already observed in similar systems [38—40];
similarly, the non-Newtonian behavior is also attributable
to matrix-filler interactions and to the larger number of
interactions [41, 42]. Complex viscosity tends to increase
as particle size decreases, because larger salt particles have a
smaller specific surface area, so the interactions degree with
the polymer chain is low, resulting in lower complex viscos-
ity [43]. This difference is attenuated at higher frequencies,
where the interactions between the polymer matrix and salt
have less time to develop and affect viscosity. In particular,
the behavior of blends tends to approach the behavior of PA6
alone. This decrease in complex viscosity at high frequen-
cies is advantageous, as it can facilitate the extrusion step
from the 3D printer nozzle, where shear rates are typically
high [44], making it similar to the printing conditions of
PAG. Finally, it is noted that Fil_B and Fil_C exhibit very
similar behavior and properties, as expected because of the
similar range salt size.

In addition to melt properties, printability was also
assessed through mechanical tests on the filaments. Tensile
tests were carried out on the extruded PA6 and PA6/NaCl
blends to evaluate the differences in mechanical performance
due to the presence of the three salt samples in the PA6
matrix and, therefore, the possibility of printing them; the
results of elastic modulus, breaking stress and elongation at
break are reported in Table 3.

PAG6 nature is completely changed by the presence of
NaCl. In fact, there is a stiffening of the material, i.e., an
increase in its elastic modulus. This can be due to a combi-
nation of two synergistic effects: firstly salt particles can act
as mechanical reinforcements for the material and, secondly,
it could occur an increasing in cristallinity caused by a possi-
ble nucleating effect due to the presence of salt particles.The
latter phenomenon was explored by DSC tests, conducted in
order to assess any changes in crystallinity in the material as
aresult of the processing and of the presence of the porogen.
Results are reported in Table 4.

As expected, there is a slight increase in the degree of
crystallinity X, in the blends that contained the salt, likely
due to the nucleating effect of the particles; furthermore,
the increase in crystallinity is greater when the salt particles

Table 3 Results from tensile test conducted on PA6 and PA6/NaCl
blends filaments, in terms of Elastic Modulus, Breaking Stress and
Elongation at Break

Elastic Modulus [MPa] Breaking Elongation

Stress [MPa]  at Break %
PA6 1503.2+67.2 69.5+7.9 41.1x2.1
Fil_A 3578.7+204.0 159+1.3 0.6+0.1
Fil_B 2794.1 +226.7 125+1.0 0.6+0.1
Fil_C 2346.4+307.1 11.5+1.5 0.8+0.3
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Table 4 Results of DSC tests conducted on PA6 and PA6/NaCl
leached blends

PAG6_pellet PA6 Fil_A Fil_B Fil_C
leached leached leached
AH,, [m]/  40.0 41.0 495 53.9 56.2
mg]
X, [%] 17% 18% 22% 23% 24%

are smaller in size, beacuse smaller particle size provides
more crystallization nuclei, which more effectively increased
the crystallinity of the composites [45]. Elastic modulus is
expected to increases as the particle size decreases, because
for the same percentage of filler, smaller particles have more
surface area and greater interactions with the matrix, but
surprisingly the opposite occurs, in fact, values increase
with increasing particles. This could be justified consider-
ing the poor interfacial adhesion between matrix and poro-
gen, as already verified by SEM images of the cross-sections
(Fig. 2), resulting in defects as large as salt particles.

In combination with the increase in elastic modulus, there
is a reduction in breaking stress and elongation at break, as
a result of the inability of systems to deform (Table 3). This
is likely due to the salt particles that can also create weak
points or stress concentration zones within the material,
increasing the possibility of fractures. The general increase
in stiffness and brittleness could cause problems in the MEX
3D printing process; however, the properties are sufficiently
compatible with Material Extrusion additive manufacturing
process, in fact it was accomplished in all cases, with good
quality of printed devices.

After establishing the actual possibility of printing
extruded filaments, the first printing tests were carried out.
Standard polyamide filaments are notoriously difficult to
print for many reasons, such as high printing temperatures
and difficult adhesion of the layers [46]. For these reasons,
anticipating a further increase in the difficulty of printing
PA6/NaCl blends, preliminary printing tests were conducted
on extruded PAG6 filaments. The printing parameters were
established confronting with scientific literature [46—-49].
Results are shown in Table 5.

The optimal process parameters that ensured good sam-
ple quality are those of Test 4: T nozzle of 250 °C, T plate

Table 5 Process parameters identification for PA6 3D Printing

of 80 °C, extrusion flow rate of 35 mm3/s, printing speed
of 10 mm/s; in addition, to promote adhesion between the
specimen and the plate, a layer of glue stick was applied to
the latter [50, 51]. The same parameters were used for print-
ing the extruded PA6/NaCl mixtures, with slight differences
in the extrusion flow rate, adjusted to improve the quality of
the devices. In addition, to further optimise adhesion with
the plate, a rough plate was used [50]. Process parameters
for PA6/NaCl printing are shown in Table 2.

After producing the devices in all blends, they were
leached and dried in the way described above. As first
inspection, the morphology of the final devices sections
and lateral surfaces, and the corresponding pores diameter
distributions histograms, are shown in Fig. 5.

In particular, Fig. 6a—c shows cross-sections of the
HD_A, HD_B and HD_C leached devices and Fig. 6a’—c’
shows the lateral surfaces of the same leached devices.
Pores appear well distributed in the sections and the range
of pore diameters distribution in histograms remains simi-
lar to that prior to printing, for each sample. These results
are consistent with the ones obtained for the filaments
and demonstrate that the pores have a predictable size in
all blends, even after printing. A summary of the pores
and porogen statistics based index of the distribution in
the systems is reported in Table S1. In lateral surfaces it
is evident that the pores have smaller diameters than the
sections, as in the case of extrusion, likely due to lateral
migration of the particles, which also occurs in the printer
nozzle, as already stated in filaments characterization.
There is no porogen trace in the images, as expected, so it
can be concluded that the leaching of the devices was also
substantially complete, in agreement with what observed
about the filaments. In order to have further information
about pores distribution and architecture in the devices,
Mercury Intrusion Porosimetry (MIP) tests were also car-
ried out using Thermo Electron Corporations MIP appa-
ratus and the outcomes are shown in Fig. S2 for leached
HD_A. As it can be clearly seen, the test appears to be not
adequate and, on the contrary, somehow misleading. This
measure, in fact, identify pores with dimension smaller
than that previously found by image analysis, i.e., obtained
by their direct observation. This condition, apparently
strange, has been already observed in our previous work

T nozzle [°C] T plate [°C] Flow rate Speed mm/s Glue Rough Plate Result
mm3/s
Test1 250 80 25 50 - - The sample comes off the plate. Poor quality
Test2 250 80 32.5 16.5 - - The sample comes off the plate. Better quality
Test3 250 80 35 10 - - The sample comes off the plate. Good quality
Test4 250 80 35 10 + - The sample does not come off the plate. Good quality

@ Springer
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Fig.5 SEM images of leached printed devices sections (a—¢), lateral surfaces (a’ — ¢’) and histograms of pores diameters distribution: HD_A
leached (a, a’), HD_B leached (b, b’), HD_C leached (c, ¢’). Scale bar is 100 pm

Fig. 6 Stiffness of leached 350 -
devices HD_A, HD_B and
HD_C in dry and in wet condi- 300 A
tions
250 A
:
Z 200 -
& EDRY
v
é 150 OWET
2
100 4
50 A
0

HD_A leached HD_B leached HD_C leached

[26], and it has been explained considering that the pores  this can significantly alter the results and, in particular, it
resulting from salt leaching are not perfectly cylindrical,  can cause underestimation of pore dimension. So, in this
often merged in apparently largest ones and, in addition,  contest, image analysis proves to be the simplest and most
arranged so that the smallest pores are on lateral surfaces:  appropriate method for analysing pore size distribution.
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The porosity of the devices was evaluated as a parameter
to quantify successful leaching for all devices and results are
reported in Table 6.

Py, was obtained by Eq. 2; it does not take into account
the different morphology of the systems, in fact it is identical
for all devices and represents the case of complete leach-
ing. The real porosity Pg,,, was assessed by gravimetric
test and by Eq. 3, as a first comparison with Py,. There are
specific results for each device and they are all very close
to Py, value: it confirms the effectiveness of leaching. Pyc-
nometry was used as further confirmation: again, the real
porosity values Pp, ., for each device are close to Py, and to
PG av- All this information allows to demonstrate a complete
removal of the porogen, as already visually assumed by SEM
morphological investigation, hence the effectiveness of the
proposed processing in the production of porous systems.

Once the feasibility of producing hollow devices with
controlled porosity has been established, their handling is
tested, considering the need to mechanically fill, seal and use
them as controlled release devices. For this reason, compres-
sion tests were performed on leached devices in air (dry)
and in distilled water at 37 °C (wet), aiming to simulate the
compressive stress conditions to which the samples could be
subjected under operational conditions and different humid-
ity and temperature in the environment. It is a well known
theory that the presence of pores significantly changes the
mechanical properties of materials [52]. So, it is useful to
conduct a comparison between the stiffnes of devices in
longitudinal direction in dry case and in wet case, assum-
ing that the specimen is subjected to limited stresses during
operational conditions in longitudinal direction, which will
correspond to the elastic area. Results are shown in Fig. 6.

Mechanical tests showed a strong correlation between
pore size and mechanical behavior, as already seen in tensile
properties. In this case, the trend of stiffenss is decreasing as
the pore size decreases, according to our previous work [16],
both in dry and in wet conditions. In detail, the pore size
strongly influences the pore density per unit area, but also
the wall thickness around the pores. In particular, consider-
ing devices with the same porosity, a device with smaller
pores (HD_C) has a higher pore density per unit volume and
thinner walls when compared to a material with larger pores
diameter (HD_A). Consequently, the presence of smaller

Table 6 Comparison between theoretical porosity (2) and real poros-
ity obtained by gravimetric tests (3) and pycnometry (4)

l)Th l)Grav PPycno
HD_A Leached 55.19% 55.01% 55.12%
HD_B Leached 55.19% 55.03% 54.29%
HD_C Leached 55.19% 55.11% 55.19%
Egs 2 3 4

@ Springer

pores can lead to a greater reduction in the material's ability
to resist to compressive loads, reducing its stiffness. It can be
seen that HD_B and HD_C exhibit very similar behavior, as
expected given their similar morphology. Finally, it is useful
to make a comparison of stiffness between the dry and wet
cases, in fact stiffness values are always lower in the latter.
This is justified by the effect of solution and temperature,
that make the material less rigid, causing plasticization of
the polymer [16]. Given the two limit conditions, intermedi-
ate values are expected for intermediate conditions.

The devices appear to be suitable for substance loading
and sealing, therefore, after being filled with methylene blue
(MB) as a model molecule, controlled release kinetics were
evaluated to demonstrate that the devices are indeed suit-
able for releasing substances in a predictable manner. The
kinetics of MB release from the devices is shown in Fig. 7.

For all the systems, the release is characterised by three
phases: a burst release in the early stages of immersion,
a second phase characterized by the progressive depletion
of the molecules model in the reservoir, and a final pla-
teau region. In particular, HD_A, HD_B and HD_C show a
release of 14%, 7%, and 4%, respectively, after 4 h, followed
by a sustained release until the plateau region is reached.
The difference in the release kinetics can be attributed to
the different pore morphology: HD_A has larger pores than
HD_B and HD_C, in fact it releases larger amounts of MB
in shorter time. Tests confirm the interconnection of the
pores in the device walls, since there is indeed an exchange
of matter between inside and outside, for all devices, regard-
less of the amount of MB released. The different kinetics
obtained also confirm the possibility of tailoring the release
by varying the morphology of the pores, just by changing
the grain size of the porogen.

To evaluate the MB release mechanism, the release data
obtained were fitted to zero order, first order, Higuchi and
Korsmeyer-Peppas models (Fig. S3). Specifically, the zero-
order model represents the case of constant rate and con-
centration independent release, in the first order model the
release rate is proportional to the concentration of the sub-
stance in the system, the Higuchi model indicates release
controlled by a diffusion process, and finally the Korsmeyer-
Peppas model combines various release mechanisms.
According to R? values, Korsmeyer-Peppas mathematical
model better fits the experimental data (Table S2).

In the Korsmeyer-Peppas model is possible to obtain
information about the release mechanism, by analysing n
value, which is related to the geometry of the device and the
release mode. In fact, 0 <n < 0.5 is representative of systems
characterized by diffusive regime with hampered release,
n=0.5 is representative of kinetics where Fickian diffusion
is the main release mechanism and for this reason the model
overlaps with Higuchi's, 0.5 <n <1 is the case of anomalous
transport, characteristic of those case where in addition to
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diffusion other mechanism contribute to release, such as
swelling or pores, n=1 indicates a non-Fickian transport
and it corresponds to a zero order kinetics and, finally, n> 1
is the extreme form of transport representative of severe
modifications of matrix [53, 54].

Values of kp and n of the different systems were then
reported in Fig. 8.

The results show that n is between 0.5 and 1 for all devices,
so the release mechanism is anomalous and it could be influ-
enced by various factors such as swelling of the hydrophilic

Fig.8 Logarithmic plot of the
release data of MB and values

Time [h]

polymer and the porosity of the devices. In particular, HD_A
is characterized by faster kinetics (n=0.96), attributable to
the presence of larger pores and, in fact, HD_B and HD_C
show slower kinetics due to smaller pores and kinetics gov-
erned more by diffusion [55]. In line with what is expected,
in the latter two cases where the release process approaches
diffusion (HD_B and HD_C), Higuchi’s model also fits the
data quite well (R? ~ 0.99, see Table S1), but Korsmeyer-
Peppas model is still better, in fact n> 0.5 and other processes
are also added to diffusion, as explained above.

HC_A leached
e HC_B leached
HC_C leached

of slopes (n) and intercepts (k) 0,0
of fitting of Peppas-Korsmeyer
model power law applied to -0,1
the release data collected in the
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-0,3
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=
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S
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Log t (h)
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4 Conclusions

An innovative, cost-effective, and rapid method for produc-
ing porous hollow devices has been proposed, by combining
melt and wet processing, namely the versatility of Material
Extrusion (MEX) additive manufacturing process and the
simplicity of salt leaching. Blends with a high porogen con-
tent (PA6/NaCl 30/70%wt) and with three different porogen
particle sizes were tested in order to assess the possibility of
obtaining predictable pore morphologies and high porosity
percentages. All blends exhibited rheological and mechani-
cal behavior sufficiently suitable for 3D printing: in fact, the
final devices were successfully manufactured, using all pre-
pared formulations. The porogen showed good dispersion
in both the filaments and the printed devices, and the pores
appeared well distributed in the cross-sections after leaching.
Pore distribution range was consistent with the distribution
range of the three salt samples, so the morphology of the
systems is predictable and adjustable. An interesting decrease
in particles and pores size was found in all lateral surfaces,
which can be attributed to the fluid dynamics of the porogen
inside the extruder and printer nozzle: this is an interesting
phenomenon, in fact a porosity gradient could be sponta-
neously generated along the cross-sections. Printed devices
after leaching showed high percentages of real porosity, simi-
lar to theoretical porosity, a quantitative symptom of total
leaching. Despite the high degree of voids, they have main-
tained sufficient compressive mechanical properties, even in
wet conditions, so the devices were confirmed as possible to
handle and suitable for the application. Hollow devices were
filled with methylene blue (MB) as model molecule, to test
the functionality of the devices in releasing in a controlled
manner. MB’s release tests demonstrated the interconnec-
tion of the pores in the wall of the devices and the differ-
ent kinetics confirm the possibility of tailoring the release
through the morphology of the device pores, i.e., through the
granulometry of the porogen. The Peppas-Korsmeyer model
showed that the release mechanism for all devices is anoma-
lous, thus influenced by swelling and porosity, and confirmed
faster kinetics for the devices with the largest pores. These
properties would allow the controlled release of other mol-
ecules, such as drugs, fertilizers, and pesticides, confirming
the versatility of the process. Finally, the use of MEX would
also allow to modified the shape of the devices for other
applications, where porosity control is crucial, even creating
extremely elaborate geometries with large surface area, while
considering the technological limitations of the printer.
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