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Abstract

Scaffolds are a promising innovation that create a suitable environment for the restoration of tissues. They can
also be used to achieve efficient drug delivery to specific sites. Poly(butylene succinate) (PBS) is a biocompatible and
biodegradable polymer that has been utilized in various research fields. Fused deposition modeling (FDM) was conducted
to construct PBS scaffolds with two specific lay-down patterns: grid and triangle. The salt leaching technique was also
used to produce pores in the scaffolds. A morphological study, porosity measurement, and contact angle analysis were
carried out to characterize scaffold morphology, pore characteristics and surface properties. Salt content and type of lay-
down patterns were found to affect the porosity and wettability of the scaffolds. Porosity increased with an increasing
proportion of salt while scaffolds with a triangle pattern were more porous than grid pattern at the same salt content. The
wettability test showed that the contact angle of all scaffolds ranged between 88° and 102°, while the grid pattern was
more hydrophobic than the triangle pattern.
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1. Introduction

Over the last few decades, scaffolds have
been developed to deliver cultured cells or drugs to
repair and restore infected tissue. Scaffold design
should include suitable properties for use as a drug
delivery system, such as being porous to increase
the scaffold surface area, with various possible
shapes. Drug delivery system can be a formula or
device that can carry drugs or other substances
directly to target areas in the body. The efficiency
and safety of using drugs can be increased by
controlling the release rate to reduce the total
amount of drugs required for therapeutic effect
(Biswas, Shukla, & Maiti, 2019).

Many factors control the absorption rate
and release rate of drugs. One of the most important
is the material properties used to create the scaffold.
Some biopolymers including poly(lactic acid)

(PLA), poly(glycolide) (PGA), poly(caprolactone)
(PCL), and poly(beta-hydroxybutyrate) (PHB) have
good biological compatibility. However, these
polymers have disadvantages such as long
biodegradation time or high raw material cost
(Huang et al., 2018). Poly(butylene succinate) or
PBS is a commercially available biodegradable
polymer that can be efficiently synthesized through
condensation polymerization from succinic acid
and 1,4-butanediol. The properties of PBS are
similar to conventional petroleum-based polymers
such as polyethylene (Platnieks et al., 2020), while
it also has good biodegradation and
biocompatibility properties for tissue engineering
applications. PBS was used as the material for a
bimodal scaffold to promote cell growth (Ju et al.,
2020), growth of mesenchymal stem cells
(Ojansivu et al., 2018), and drug encapsulation
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systems (Liu & Guo, 2019). With these advantages,
PBS has received increasing attention regarding
possible applications in tissue engineering and
controlled drug delivery (Gigli et al., 2016).

In addition to the materials, the processing
technigue is another important factor affecting drug
delivery efficiency and appropriate release times.
The fused deposition modeling (FDM) technique is
one of the most widely used additive manufacturing
processes for fabricating prototypes and functional
parts in various plastics (Hu, & Qin, 2020). It is
also a powerful tool to create patient-specific
porous scaffolds by modifying the input materials
to adjust local drug delivery capability (Water etal.,
2015). Choi et al. (2020) developed biocompatible
PLA scaffolds fabricated by FDM and foam
extrusion techniques for medical use. FDM was
also used to produce lactose-crosslinked gelatin
scaffolds as a drug delivery system for
dexamethasone (Etxabide, Long, Guerrero, de la
Caba, & Seyfoddin, 2019) and fabricate porous
hydroxyapatite scaffolds for bone regeneration and
local drug delivery applications (Mondal & Pal,
2019). Moreover, drug absorption and release rate
were also shown to be controlled by the pore size
and porosity of the materials (Saghazadeh et al.,
2018). The particulate leaching technique is one of
the simplest methods to produce pores ina material.
Sodium chloride (NaCl) is the most common
material using as a porogen for this technique. The
size of NaCl particles controls the pore size, while
the amount of NaCl controls the porosity. Obayemi
et al. (2020) introduced polymer blends porous
scaffolds using solvent casting and salt leaching for
localized cancer drug delivery and breast cell/tissue
growth, while Li et al. (2020) fabricated composite
scaffolds for long-term controlled dual drug release
via particle leaching combined with phase
separation technique. Recently, Gorji et al. (2021)
prepared a poly(lactide-co-glycolic acid) scaffold
via the salt leaching method as a herbal drug-release
application.

Combining FDM and particulate leaching
techniques is a promising method for fabricating a
porous scaffold for drug control release application,
especially for a heat-sensitive drug, since this
method ensures that the drug will not come into
contact with heat during the fabrication and drug
loading processes, and not be subjected to thermal

degradation. Visscher, Dang, Knackstedt,
Hutmacher and Tran (2018) used FDM and
particulate leaching techniques to fabricate
polycaprolactone scaffolds with dual macro-
microporosity for local delivery of antibiotics.
Phosphate buffered saline powder was used as a
porogen. However, they did not focus on porogen
concentration and pattern type on the properties of
the scaffolds. To the best of our knowledge, the
influence of geometrical structure on scaffold
properties has not been reported elsewhere.

2. Objectives

1. To fabricate porous scaffolds by FDM and salt
leaching techniques.

2. To study the effect of NaCl concentration on the
morphology, porosity and wettability of the
scaffolds.

3. To study the effect of type of lay-down patterns
on the morphology, porosity and wettability of
the scaffolds.

3. Materials and methods
3.1 Materials

PBS grade BioPBS™ FZ71PM was
purchased from PTT MCC Biochem Co., Ltd.
(Bangkok, Thailand). The density of PBS was 1.26
g/cm® and the melt flow index was 22 ¢/10 min
(measured at 190°C, 2.16 kg). Analytical grade
NaCl 99%, silver nitrate (AgNOs;) and
dichloromethane (CH.Cl,) were purchased from
RCI Labscan Ltd. (Bangkok, Thailand).

3.2 Fabrication of porous scaffold

NaCl was ground and sieved to obtain
particle sizes in the range 38-75 um. PBS sheets
containing four different NaCl amounts (0, 40, 50
and 60 %wt) were prepared by the solvent casting
method.  Firstly, PBS pellets were dissolved in
dichloromethane.  When they were completely
dissolved, NaCl at a certain weight ratio to PBS was
added into the PBS solution. A mechanical stirrer
was used to disperse the NaCl particles
homogeneously and the suspension was poured into
a glass mold. The mold was placed in a fume hood
to evaporate the solvent completely. Cast sheets
with specific weight ratios of NaCl were cut into
small piecesand then molten mixed in a co-rotating
twin-screw extruder to form extruded filaments.
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Figure 1 Schematic diagrams of (A) grid and (B) triangle lay-down patterns

The filament with a certain amount of
NaCl was installed in a 3D-printing machine to
construct the scaffold by FDM. Scaffolds with two
lay-down patterns as; triangle and grid were
fabricated, and schematic diagram patterns are
shown in Figure 1. The infill of both scaffold
patterns was fixed at 80%. The nozzle temperature
of the 3D-printing machine was set at 190°C, while
the dimensions of the constructed scaffold were 30
x 30 x 2 mm3. The salt leaching technique was
conducted to dissolve NaCl. Constructed scaffolds
embedding different NaCl contents were immersed
in deionized water. This process continued until
NaCl completely dissolved. This was checked by
adding a few drops of AgNOs solution into the
leached deionized water and no trace of white AgCl
precipitate was detected. The obtained scaffolds
werethen driedin an oven at 60 °C for 12 hours. A
NaCl-generated porous scaffold was denoted as a
NGP scaffold and a NaCl-free porous scaffold was
denoted as a NFP scaffold. Table 1 lists the
codename, polymer-to-salt ratio and lay-down
patterns of the scaffolds studied in this research.

Table 1 Codename, polymer-to-salt ratio and lay-down
patterns of the scaffolds

c PBS:NaCl ratio Lay-down
odename

(%owt) pattern
10:0PBS-g 100:0 Grid
10:0PBS-t 100:0 Triangle
6:4PBS-g 60:40 Grid
6:4PBS-t 60:40 Triangle
5:5PBS-g 50:50 Grid
5:5PBS-t 50:50 Triangle
4:6PBS-g 40:60 Grid
4:6PBS-t 40:60 Triangle

3.3 Morphological observations

A scanning electron microscope (SEM,;
TM3030 Hitachi, Japan) operatingat 15 kV was used
to observe scaffold morphology on the external fiber
surface and the cryo-fractured internal surface. To
examine the internal surface, the scaffold was
immersed and cryo-fractured under liquid nitrogen,
while the external surface observation did not require
these preparation steps. The external and cryo-
fractured internal surfaces were then coated with
platinum using a sputtering coater operatingat 20 mA
under an argon atmosphere. Pore sizes in the SEM
micrographs were measured with ImageJ (National
Institutes of Health, USA).

3.4 Porosity measurement

Porosity of the scaffolds was calculated
using a Density Determination Kit (Sartorius YDKO3,
Gottingen, Germany) assembled with an electronic
balance. The scaffold wasimmersed indistilled water
and its weight change was measured. Applying
Archimedes principle, when the scaffold was
immersed in a liquid it was subjected to a buoyant
force with a value equal to the weight of the liquid
displaced by the volume of the scaffold, denoted as
weightinwater (Winwaer). The specific gravity (p) was
calculated using equation (1):

= Winair*(PyaterPa) | )
(Win air -Win water) a

where Win air is the weight of the scaffold in
air, Win waer is the weight of the scaffold inwater, pwater
is the density of water (0.99707 g/cm3at 25 °C) and pa
is the density of air under standard conditions (0.00118
g/cm?® at 25 °C) (Kumar, Haldar, Rajesh, Ghosh, &
Lahiri, 2019).

Percentage of porosity of the scaffold was
calculated using equation (2):
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Y%porosity= php% *100 2

where ppui isthe bulk density of the scaffold.
The bulk density was determined from the weight in
air and the volume of the scaffold.

4, Results and discussion
4.1 Scaffold morphological study

N DB4 x300 200um

— N 089 000 30w

3.5 Contact angle analysis

The contact angle of the scaffold was
examined using a USB digital microscope (DigiMicro
Profi, DNT) attached to an Axis Feed Auger Stage
(RM-XYZ, MiSUMIi, lllinois, USA). Distilled water
was used as the testing liquid.

N 079 X300 300um — N 087 m00 30m

Figure 2 SEM images of the external surface morphology of (a) grid lay-down patterns of 10:0PBS-g (al1-al12),
6:4PBS-g (a21-a22), 5:5PBS-g (a31-a32) and 4:6PBS-g (a41-a42), and (b) triangle lay-down patterns of 10:0PBS-t
(b11-b12), 6:4PBS-t (h21-b22), 5:5PBS-t (b31-b32) and 4:6PBS-t (b41-b42). Images in rows 1 and 3 are at

magnification 100x, with those in rows 2 and 4 at 300x

Figure 2 shows the external surface
morphology of NFP and NGP scaffolds having
different salt contents and lay-down patterns. The
geometries of the grid and triangle lay-down patterns
are shown in Figure 2 (rows 1 and 2) and Figure 2
(rows 3and 4), respectively. The shapes of 3D printed
fibers of the NFP scaffolds shownin Figure 2 column
1 were less stable to maintain fibrous shape than the
NGP scaffolds, possibly due to the viscosity effect of

the molten filament during processing. The NFP
scaffolds exhibited relatively smoother fibrous
surfaces thanthe NGP scaffolds. When the amount of
salt increased from 40-60 %wt (Figure 2 columns 2-
4), the surfaces of these NGP scaffolds became
rougher, the number of pores increased and pore size
was larger. However, there was no effect of the lay-
down patternonthe fibrous surface morphology of the
scaffolds containing different salt contents.
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Figure 3 SEM images of the cryo-fractured surface morphology of (a) grid lay-down patterns of 10:0PBS-g (all-al2),
6:4PBS-g (a21-a22), 5:5PBS-g (a31-a32) and 4:6PBS-g (a41-a42), and (b) triangle lay-down patterns of 10:0PBS-t
(b11-b12), 6:4PBS-t (b21-b22), 5:5PBS-t (b31-b32) and 4:6PBS-t (b41-b42). Images in rows 1 and 3 are at

magnification 100x, with those in rows 2 and 4 at 300x

The SEM images of the cryo-fractured
NFP and NGP scaffolds having different amounts
of saltand lay-down patterns are shown in Figure 3.
The morphology of the NFP scaffolds (Figure 3
column 1) and NGP scaffolds (Figure 3 columns 2-
4) displayed the same fashion as those on the
fibrous surfaces. The NaCl particles dispersed well
in the polymer matrix. For the NGP scaffolds, size
of pores generated by saltleaching inthe matrix was
measured and listed in Table 2. Their size ranged
from 3.77-49.39 pm, while no internal pores were
observed in the NFP scaffolds. Internal pore size
increased at higher salt content indicating an
agglomeration of salt particles in the scaffold
matrix. The agglomeration became more obvious
with addition of more salt. However, the type of

lay-down pattern did not influence the internal pore
size of the scaffolds. The SEM micrographs in
Figures 2 and 3 showed that salt particles tended to
be confined to the scaffold’s internal matrix rather
than on the external surface. With increasing
amount of salt, Figure 2 showed that higher amount
of salt particles was exposed on the surface, while
Figure 3 showed that salt particles were mainly
embedded in the matrix. This might be due to the
difference between the scaffold’s internal volume
that was significantly greater than the scaffold’s
external surface area. Moreover, interconnected
pores became more developed, thus enhancing the
efficiency of the encapsulation and control release
properties with increasing salt content (Zhang, Fan,
Dunne, & Li, 2018). Although the scaffolds
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contained different amounts of salt, the lay-down
patterns did not affect the cryo-fractured
morphology of the scaffolds.

4.1 Porosity of the scaffolds

The porosity of a scaffold represents the
void space within it. The porosity values of all
scaffolds, calculated by the specific gravity
determination method, are shown in Figure 4A and
summarized in Table 2. The NFP scaffolds with
grid and triangle lay-down patterns exhibited
38.12% and 40.05% porosity, respectively, which
showed that the triangle pattern occupied a higher

void space than the grid pattern. All the NGP
100 4
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scaffolds displayed greater porosity than the NFP
scaffolds due to the dissolution of NaCl during the
salt leaching process. The porosity was directly
related to the salt content; the higher the salt
content, the greater the porosity.  Moreover,
porosity of the triangle pattern was higher than the
grid one, and the difference between these two
patterns was more pronounced when salt content
increased. This occurred because theoretically, at
fixed 80% infill, the triangle lay-down pattern
consumed more PBS/NaCl filament to fabricate the
scaffold than the grid pattern. Therefore, the
triangle occupied greater porosity.
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Figure 4 (A) Percentage of porosity and (B) contact angle measurement of the NFP and NGP scaffolds with different
lay-down patterns. Horizontal red dashed lines indicate the threshold contact angle of 90° between hydrophobic and

hydrophilic properties

Table 2 Porosity, internal pores size and contact angle of the scaffolds

Sample Porosity (%) Internal pores size (um) Contact angle (°)
10:0PBS-g 38.12+0.73 - 88.57+5.96
6:4PBS-g 47.84+0.35 3.77 - 25.06 98.07+4.26
5:5PBS-g 50.62+0.37 5.06 - 37.51 102.70+3.42
4:6PBS-g 63.24+0.97 6.88 — 49.61 96.73+5.51
10:0PBS-t 40.05+0.50 - 88.57+3.73
6:4PBS-t 49.59+0.29 3.89-27.70 81.93+4.05
5:5PBS-t 55.25+0.44 4.74 -36.33 88.63+3.77
4:6PBS-t 73.01+0.89 7.12 - 48.39 88.97+2.58

4.2 Wettability of the porous scaffolds

The contact angle testing results of the NFP
and NGP scaffolds with different lay-down patterns
are shown in Figure 4B and tabulated in Table 2. The
NFP scaffolds had the same contact angle of 88.57°,
which was close to a neutral value of 90° regardless of

the lay-down pattern. When higher salt content was
added to the scaffold, porosity increased and larger
pore sizes were obtained. Scaffolds with the grid lay-
down pattern exhibited an increase in contact angle
from 88.57° for 10:0PBS-g to 98.07° and 102.70° for
6:4PBS-g and 5:5PBS-g, respectively, and then
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decreased t0 96.73° for 4:6-PBS-g. This indicated that
porous scaffolds with the grid pattern became more
hydrophobic with increasing salt content. By contrast,
porous scaffolds with the triangle pattern displayed
almost the same contact angle regardless of salt
content; thus, the scaffolds still displayed hydrophilic
behavior. This might be due to the surface roughness
caused by the small pores left by leaching of salt
particles and air trapped on the scaffold’s surface,
resulting in higher hydrophobicity of the grid pattern,
concerning  with  Senthamizhan,  Balusamy,
Celebioglu, and Uyar (2016) and Szewczyk et al.
(2019). Wettability is one of the factors use to
determine the usability of scaffolds as drug release
control. The human body comprises 66% water and
the porous scaffold should behave as a hydrophilic
material to ease the release of an absorbed drug by
water in the body. Thus, the 4:6PBS-t porous scaffold
having the triangle pattern, highest porosity and largest
pore size was chosen for further testing in drug
delivery application.

5. Conclusions

Porous scaffolds of PBS were successfully
fabricated by FDM and salt leaching techniques. The
leaching process successfully created a large number
of pores (porosity) in the NGP scaffolds with various
pore sizes depending on the amount of salt and also on
the type of lay-down patterns. The porosity of the
NGP scaffolds increased with anincreasing proportion
of salt. Contactangle measurement indicated that the
NFP scaffolds showed no difference in contact angle
between the two lay-down patterns; however, the NGP
scaffolds with the grid patternwere more hydrophobic
than the triangle pattern. Scaffolds with suitable
porosity, pore size as well as wettability perform better
for drug release control.
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