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Purpose: A successful approach widely used in materials science to adapt approved materials to specific applications is to design
their surface properties. A main challenge in this area is the development of processing routes enabling for a simple but efficient surface
design of complex shaped geometries. Against this background, this work aimed at the implementation of self-assembly principles for
surface functionalization of 3D-printed poly(lactic-co-glycolic acid) (PLGA)-based constructs with macro- and microporous geometries
via precision extruding deposition.

Methods: Three-component melts from PLGA, CaCO3 and amphiphilic polymers (poly(2-oxazoline) block copolymer) were printed
and their bulk and surface properties were studied.

Results: Melts with up to 30 mass % of CaCO3 could be successfully printed with homogeneously distributed mineral particles.
PLGA degradation during the printing process was temperature and time dependent: the molecular weight reached 10 to 15% of the
initial values after ca. 120 min of heat exposure. Filament surfaces from melts containing CaCO3 show an increasing microroughness
along with increasing CaCO3 content. Surface roughness and amphiphilic polymer content improve scaffold wettability with both factors
showing synergistic effects. The CaCO3 content of the melts affected the inner filament structure during in vitro degradation in PBS,
resulting in a homogeneous mineral particle-associated microporosity for mineral contents of 20 mass % and above.

Conclusions: These results provide novel insights into the behavior of three-component melts from PLGA, CaCO3 and amphiphilic
polymers during precision extruding deposition and show for the first time that self-assembly processes can be used to tailor scaffolds
surface properties under such processing conditions.
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1. Introduction

Saturated poly(α-hydroxy acids) such as polylac-
tide (PLA), polyglycolide (PGA) and poly(lactide-co-
glycolide) (PLGA) are synthetic biodegradable poly-

mers widely used for biomedical applications [4].
Major advantages are their highly controlled degrada-
tion and excellent reproducible mechanical and physi-
cal properties. These can be tuned by the molecular
weight and for PLGA, additionally by the copolymer
ratio and chain structure [14]. In applications designed
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for bone reconstruction PLGA is often combined with
ceramic materials such as bioglass or calcium phos-
phate phases (CPP) [22]. Apart from improving the
osteoconductivity and the mechanical properties, these
components additionally reduce negative effects of the
autocatalytic bulk degradation by quenching acidic
degradation products [27]. Besides, a number of tech-
niques have been used for surface functionalization of
PLGA reaching from oxygen plasma treatment to
introduce negatively charged groups [2] to covalent
coupling of peptide sequences [8]. For the plasma
treatment, an improved mineralization in simulated
body fluid as well as enhanced adhesion and prolif-
eration of osteoblast-like cells has been shown [17].

In previous work we have applied surface modifi-
cation to PLGA structures using main components of
the organic extracellular matrix (ECM) of soft and
hard tissues, such as collagen type I and glycosamino-
glycans [20], like chondroitin sulphate, dermatan sul-
phate, and hyaluronic acid for coating in order to
mimic the native environment of cells [18], [24], [25].
These different approaches demonstrate the high po-
tential of PLGA surface modifications to improve the
biological response to PLGA-based implants and scaf-
folds.

For 3D-printing of polymeric materials, in recent
years a number of technologies such as, e.g., stereoli-
thography [13], selective laser sintering [5], and fused
deposition modelling (FDM) [11] have been utilized.
FDM as technology applied in this work has already
been used to prepare scaffolds from PLGA [16], [29].
In combination with various CPP and bioglass, this
process can be adapted to the specific defect geometry
presenting a defined pore structure [9], [22]. FDM of
a 50:50 PLGA copolymer with a processing tempera-
ture of 170 °C was found to decrease the average mo-
lecular weight from approximately 100 to 65 kDa
[29]. Lowering the processing temperatures for PLGA
with a similar molecular weight to 110 °C was found
to improve compressive modulus [16].

Previous work in our group has applied the FDM
route to process poly(ε-caprolactone) (PCL) together
with mineral phases (hydroxyapatite and/or CaCO3) (6).
For up to 50 mass % of CaCO3 the compound material
could be printed appropriately with the mineral parti-
cles evenly distributed in the polymer matrix [6]. The
use of CaCO3 instead of a less soluble CPP, such as
hydroxyapatite, may be beneficial. The more rapid
dissolution of CaCO3 will result in an improved buff-
ering of acidic polymer degradation products and is
expected to generate a microporosity of the 3D-printed
constructs to improve the biological interaction be-
tween the scaffold and the host tissue [15].

The aim of this study was to perform FDM proc-
essing of two- and three-component melts from PLGA,
CaCO3 and an amphiphilic polymer and to study their
bulk and surface properties. Our working hypothesis
was that the conditions during FDM processing allow
for the regio-selective self-organization of amphi-
philic molecules at the interface between the hydro-
phobic PLGA and the hydrophilic environment, as
realized by the inner surface of the printing system
and the atmospheric environment. Additionally, it was
of special interest whether the combination of amphi-
philic molecules with CaCO3 results in synergistic
effects regarding the wetting behavior of the resulting
scaffold surfaces and to follow the formation of mi-
croporosity during degradation.

2. Materials and methods

Materials

Poly(L-lactide-co-glycolide) (PLGA) (85:15, mo-
lar ratio of L-lactide to glycolide) (Center of Polymer
and Carbon Materials, Polish Academy of Sciences,
Zabrze, Poland), Calcium carbonate (CaCO3) with
a specific surface area of 3 m2/g (Schaefer Kalk, Ger-
many), amphiphilic poly(2-oxazoline) blockcopolymer
Me-P[NonOx11-b-MeOx35]-Pip abbreviated as POx
(Fig. 1), synthesized by living cationic ring-opening
polymerization by the Chair of Macromolecular Chem-
istry, Technische Universität Dresden, Germany, were
used in the experiments.

Fig. 1. Structural formula of poly(2-oxazolines)-copolymer
Me-P[NonOx11-b-MeOx35]-Pip

Scaffold preparation

Computer models of the scaffolds were created in
the BioCAD software (regenHU, Switzerland). Scaf-
folds were fabricated using the HM300H, a high tem-
perature printing head connected to a 3D Discovery®

system (regenHU, Switzerland).
For scaffolds fabrication the following parame-

ters have been modified prior printing process: tank
temperature Tt (°C), extruder barrier screw tem-
perature Te (°C), the extruder feed rate Ve (revs/m)
which is relative to the speed of the instrument’s
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movement, the printing head feed rate Vd (mm/s),
the cartridge pressure p (MPa), the distance between
strains ∆x (mm) and the heating plate temperature Tp
(°C). The following range of the printing parameters
have been investigated Tt: 191 – 155 °C, Te: 186 – 150
°C, Ve: 14 – 10 revs/m, Vd: 5 – 3 mm/s, p = 0.6 MPa,
∆x = 0.6 mm. The diameter used needle was 0.26 mm.
The scaffolds have been printed on a glass slide fixed
with a Kapton® tape on a heating plate with a surface
temperature Tp = 40 – 45 °C.

Respective material systems were firstly mixed to-
gether, put into the tank and melted directly inside the
tank, occasionally blended with a spatula to gain a ho-
mogenous melt. After melting, the printing process was
started. The material was pressed to the barrier screw
by air pressure and thus the filament was released
through the needle (Fig. 2). The printing process
aimed to produce geometries with regular and con-
trolled macroscopic pores.

Fig. 2. Schematic melting and extrusion procedure

The following melt systems have been evaluated:
(1) PLGA,
(2) PLGA with 1 mass % POx,
(3) PLGA with 10 mass % CaCO3,
(4) PLGA with 10 mass % CaCO3 and 1 mass % POx,
(5) PLGA with 20 mass % CaCO3,
(6) PLGA with 30 mass % CaCO3.

Sample geometries utilized in the different ex-
periments were:
(1) scaffolds 8  8  2 mm for SEM,
(2) scaffolds 6  6  6 mm for degradation investiga-

tions,
(3) dense samples 8  8 mm with two printed layers

for water contact angle measurements.

Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) was used
to determine the molecular weight and polydispersity of
the 3D-printed porous material. The GPC measurements
were performed using an HPLC system consisting of
a pump and refractive index detector (1100 series,
Agilent Technologies). The samples were dissolved
in chloroform and filtered through a 0.2-μm syringe

filter prior to separation performed on a PLgel
MIXED-B-LS column (300 mm  7.5 mm) at a flow
rate of 1 ml/min and with chloroform as eluent. Mo-
lecular weights were calculated based on polystyrene
standards.

Optical microscopy
and Scanning Electron Microscopy (SEM)

Porosity and morphology of the scaffolds were
studied with the use of an optical microscope
KEYENCE VHX-1000D. SEM analysis was per-
formed using a ZEISS DSM 982 Gemini instrument.
For structural evaluation of scaffolds morphology,
images were obtained using the backscattering elec-
tron mode (BSE) and secondary electron detector
mode (SE) at 15 kV and 3 kV acceleration voltage,
respectively. Prior to SEM investigations, samples
were coated with a few nanometers of carbon.

Water contact angle measurements

Wettability of printed substrate surfaces was
studied on 8  8 mm samples which consisted of
2 layers of densely printed material with direct fu-
sion of the neighbouring strains. Water contact an-
gles were measured applying the static sessile drop
(8 µl) technique with a contact angle goniometer
(Data Physics OCA 15).

Degradation investigations

In vitro degradation of scaffolds was performed in
phosphate buffered saline (PBS) at pH of 7.4 at 37 °C.
Scaffolds were placed in a 15 ml Falcon tubes
(Greiner bio-one) and 10 ml of PBS was added.

Statistics

For statistical analysis the Shapiro–Wilk test
was performed to test the assumption of normality
followed by one-way ANOVA and a Holm–Sidak test.
Significant differences were assumed at p < 0.05*,
p < 0.001**.

3. Results

3.1. Influence of printing parameters
on scaffold geometry

Within this set of experiments the influence of dif-
ferent printing parameters on the geometrical features
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of the scaffolds, such as strain thickness and pore size
has been studied for different melt compositions. Fig-
ure 3 shows exemplarily for the melt system PLGA
with 10 mass % CaCO3 the influence of the printing
head feed rate and the extruder feed rate on the aver-
age filament width and the corresponding average
pore size.

Fig. 3. Effect of printing parameters on scaffold geometry
for PLGA scaffolds with 10 mass % of CaCO3:

Pore size and filament width for variable printing head feed rates (a)
and for variable extruder feed rates (b).

Constant printing parameters in (a): Tt = 160 ºC, Te = 155 ºC,
Ve = 12 revs/m; in (b): Tt = 160 ºC, Te = 155 ºC, Vd = 5 mm/s

Whereas an increasing printing head feed rate re-
sults in a significantly decreasing filament width, and
consequently, in an increasing pore size, the effect of
an increasing extruder feed rate is opposite, i.e., it
results in a significant increase in the filament width
associated with a decreasing pore size.

In general, for the printing process, the tank tem-
perature Tt and the extruder barrier screw temperature
Te have to be close to each other. Furthermore, the
printer’s manufacturer recommends that Tt should be
slightly higher than Te. Based on this recommenda-
tion, all experiments have been performed with a con-
stant T of 5 K between Tt and Te. Typical results of
experiments studying the effect of the tank tempera-
ture on the resulting scaffold geometries are displayed
for the melt system PLGA with 20 mass % of CaCO3
in Fig. 4. A decrease in printing temperature results in

a significant reduction of the strain width and a corre-
sponding bigger pore size.

Fig. 4. Effect of printing parameters on scaffold geometry
for PLGA scaffolds with 20 mass % of CaCO3:

Pore size and filament width for variable printer tank temperatures
(extruder temperature 5 K below tank temperature).

Constant printing parameters in: Ve = 10 revs/m, Vd = 3 mm/s.
Analysis based on 60 independent measurements

each from three scaffolds per batch

Resulting from this set of investigations the fol-
lowing parameters were used as standard conditions
for all following experiments for all melt systems:
 starting Tt = 185 C,
 starting Te = 180 C,
 Ve = 12 revs/m,
 Vd = 5 mm/s.

The melting time before starting printing was
10–12 min. Tt and Te were constantly decreased due
to PLGA degradation (as shown in chapter 3.2) to
maintain constant pore size and filament width of fab-
ricated scaffolds.

3.2. Molar mass evaluation

PLGA degradation during the printing process has
been studied by measurement of the number-average
molecular weight (Mn) and the weight average mo-
lecular weight (Mw). Both parameters and the disper-
sity (Mw/Mn), are plotted as a function of the printing
temperature Tt in Fig. 5. As a second x-axis printing
time is included.

The values before printing in the diagrams represent
the starting material with Mw = 328.267 ± 5.200 g/mol,
Mn = 109.000 ± 6.239 g/mol and a resulting polydis-
persity of 3.0 ± 0.2. During preparation of the melt
in the printer (melting time 10–12 min) both Mw and Mn
decrease significantly to values of ~120.000 ± 650 g/mol
and ~24.000 ± 300 g/mol, respectively. Continuous
printing over a time span of 120 min results in further
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decrease of both values to ~43.000 ± 550 g/mol for
Mw and ~8.000 ± 200 g/mol for Mn. The dispersity of
the PLGA is increased during the initial melting to
4.8 ± 0.1, followed by a further increase up to 6.8
± 0.3 in maximum after about 15 min printing time.
Afterwards the polydispersity stabilizes in the range
between 5.0 and 6.5. Selective measurements in the
system PLGA + 10 mass % of CaCO3 are consistent
with the results for the pure PLGA system (data not
shown).

3.3. Morphology of 3D scaffolds

Light microscopic images of printed scaffolds of
varying composition are presented in Fig. 6, while
corresponding SEM images are shown in Fig. 7.

Light microscopic images show transparent PLGA
and PLGA + 1 mass % of POx filaments with the
addition of POx resulting a slightly brownish colour.

An increasing amount of CaCO3 in the filaments re-
sults in more milky structures with again a slightly
brownish colour for the melt system with both, CaCO3
and POx. Increasing CaCO3 content in the melt sys-
tem additionally results in the thicker filaments and

Fig. 5. Molar weight evaluation with prolonged storage time in the tank and constantly decreased printing temperature Tt.
(a) number average molecular weight (Mn) and weight average molecular weight (Mw), (b) Dispersity (Mw/Mn)

Fig. 6. Optical microscope images of printed scaffolds (100)
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more pronounced deviations in the diameter width.
Thus, values for the filament thickness and its standard
deviation changed from 350 ± 25.86 µm for pure PLGA
to 470 ± 42.67 µm for PLGA + 30 mass % of CaCO3.

The SEM images present a smooth filament sur-
face for the PLGA and PLGA + 1 mass % of POx
system. Addition of CaCO3 results in an increasing
roughness of the filament surface. The low magnifica-

Fig. 7. SEM images of filament surfaces and filament cross sections (two different magnifications)
for printed scaffolds from different melt systems (1st and 2nd column – 200, 3rd column – 2000)
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tion cross section images display for the CaCO3-con-
taining systems a homogeneous distribution of the
CaCO3 particles and, in agreement, with Fig. 6, more
flattened filaments for increasing CaCO3 content. The
high-magnification cross section images support the
homogeneous distribution of the mineral particles and
show their complete embedding within the polymer
matrix. Additionally, both Pox-containing systems
show some oval pore-like structures in the submicro-
meter range.

3.4. Surface wettability

The water contact angles of densely printed flat
sample surfaces from four melt systems have been
measured to study the effect of addition of CaCO3 and
POx on the wettability of the PLGA (Fig. 8). The

highest contact angles were measured for pure PLGA
(64.1 ± 2.7°). Both systems PLGA + 10 mass % of
CaCO3 and PLGA + 1 mass % of POx show signifi-
cantly lower contact angles of 52.2 ± 2.9° and 49.7
± 1.6°, respectively. The combination of both addi-
tives further reduces the contact angle to 43.0 ± 2.3°.

Fig. 8. Water contact angles on dense printed samples:
PLGA, PLGA + 10 mass % of CaCO3, PLGA + 1 mass % of POx,

PLGA + 10 mass % of CaCO3 + 1 mass % of POx

Fig. 9. SEM images of filament surfaces and filament cross sections (two different magnifications)
for printed scaffolds from different melt systems prior and after 28 days incubation in PBS at 37 °C

(1st and 2nd column – 200, 3rd column – 2000)
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3.5. In vitro degradation behaviour
in PBS

SEM investigations of the samples after incubation
in PBS at 37 °C for 28 days show increasing inner
porosity of the different scaffold compositions for in-
creasing mineral content (Fig. 9), with only very few
pores visible from the filament surface. For pure PLGA,
three types of pores can be distinguished: (i) numer-
ous bubble-like pores with a smooth inner surface in
a diameter range between 2 and 6 µm, (ii) irregularly
shaped pores in the same diameter range, and (iii) sub-
micrometer pores throughout the sample. The samples
with CaCO3 show a markedly different porosity com-
posed of cavities differing in size and containing min-
eral particles. Whereas these cavities range between
2 and 10 µm in diameter for the sample with 10 mass %
of CaCO3, an almost dense pattern of cavities with
diameters between 2 and 4 µm dominates for the sam-
ples with 30 mass % of CaCO3. For the 20 mass %
of CaCO3 sample, the general appearance is close
to the 30 mass % sample, however with a lower de-
gree of porosity, i.e., some dense PLGA matrix is
still present.

Incubation in PBS resulted in changes in molecu-
lar weight and polydispersity. For example, Mn of
PLGA in the scaffolds PLGA + 10 mass % of CaCO3
prior to the experiment was 44.000 ± 460 g/mol and it
decreased significantly to 36.000 ± 760 g/mol and
26.400 ± 790 g/mol after one week and 28 days, re-
spectively. The dispersity decreased in this time frame
from 4.8 ± 0.5 to 4.5 ± 0.2 and 4.2 ± 0.3, respectively.

4. Discussion

In biomaterials science, a key issue of current re-
search is focussed on the improvement of the biologi-
cal response of the damaged tissue and with that the
healing success by tailoring the physico-chemical and
biochemical biomaterials surface properties [10]. The
goal of the presented work was to apply FDM printing
to multi-component systems from PLGA, CaCO3 and
an amphiphilic polymer, and to study the bulk and
surface properties of the resulting constructs as well as
their in vitro degradation behavior. We aimed at using
FDM processing to generate macro- and microporous
geometries and to tailor the scaffold’s surface topog-
raphy and wetting behavior in a one step process.
Our special interest was to study whether the combi-
nation of amphiphilic molecules and CaCO3 results

in a synergistic effect regarding the scaffold’s wetting
behavior.

4.1. Influence of printing parameters
on scaffold geometry

As shown in Figs. 3 and 4, a variation of the
printing parameters can be used to fine-tune the scaf-
fold geometry with respect to filament width and pore
size. The results demonstrate that an increase in
printing head feed rate results in thinner strains and
bigger pore size. On the other hand, an increase in
extruder feed rate results in smaller pore size and
thicker strains. Due to faster extruder rotations more
material is released through the nozzle per time unit,
which may, in combination with an increased printing
head feed rate, enable a successful faster printing pro-
cess as an alternative or in addition to multi-head
printing systems [21]. Fine-tuning of the complex
printing parameters set was however outside the focus
of our work.

During printing an increase in the melt flow rate
through the needle has been observed with a pro-
longed residence time in the tank for constant printing
temperatures (Tt and Te). As the material flow rate is
connected with the melt viscosity, which depends on
the molecular weight of PLGA, this is a clear indica-
tion of PLGA degradation during storage in the tank.
This issue will be discussed in more detail in the para-
graph 4.3.

4.2. Morphology of 3D scaffolds

Light microscopic observations reveal a decreas-
ing transparency of the filaments for higher CaCO3
contents in the melt system, while addition of POx
results in a slightly brownish coloration, although
thermal degradation of POx can be excluded under the
given processing conditions [12]. Surprisingly, the
addition of 20 and more mass % of CaCO3 to the
PLGA affects the final filament cross-section after
printing under standard conditions indicating a lower
viscosity of high mineral melts, compared to the respec-
tive melt systems with no added mineral. Additionally,
SEM observations reveal an increasing filament sur-
face roughness for higher CaCO3 concentrations
starting from smooth surfaces for PLGA and PLGA
+ 1 mass % of POx. However, SEM using high mag-
nifications shows only mineral particles embedded in
the surrounding polymer matrix and fully covered
with a thin polymer coating for all CaCO3-containing
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melt systems. This is in agreement with Simpson et al.
[22] who prepared PLGA/mineral matrix composites
with ~45 mass % of mineral. After processing with
either rudimentary injection moulding or compression
moulding all mineral particles were completely em-
bedded in the polymer matrix.

4.3. Molar mass evaluation

The working mechanism of the 3D printer used in
this work is based on material melting inside the stor-
age tank followed by transport to the printing needle
by an extruder. Thus, material put to the tank is avail-
able for printing after a melting time of 10–12 min.
Consequently, melt used for printing represents mate-
rial exposed for different duration to the printing tem-
peratures. Against this technological aspect, the de-
crease in the molecular mass of the polymer induced
during the melting time and further exposure to ele-
vated temperatures during the printing process has
been investigated.

The observed strong decrease in the molecular
weight during the melting time indicates an initial
relatively fast random breakage of long polymer chains
due to the thermal degradation [21]. This breakdown is
probably caused by water residues present in the tank
and on the surface of the starting materials. Such
traces of water can result in an accelerated degrada-
tion of PLGA [7] and result for the given conditions in
a decrease of the molecular weight to about one third
of the starting value within the melting time. Results
from a system PLGA + 10 mass % of CaCO3 imply
no effect of the mineral on the thermal PLGA degra-
dation.

The ongoing thermal degradation of the PLGA
during printing (up to ~120 min of printing) results in
a further decrease of the PLGA’s molecular weight to
about one third of the value after the melting time.
This decrease in the molecular weight is associated
with a decrease in melt viscosity which would cause
an increase of the melt stream through the printing
needle with time under otherwise constant conditions.
The easiest way to counteract and keep the melt
stream constant under the given technological condi-
tions is the continuous decrease of the printing tem-
peratures, as indicated in Chapter 3.

In the work of Simpson et al. [22] thermal degra-
dation for PLGA/mineral matrix composites has been
followed for CaCO3, hydroxyapatite and two types of
bioglasses as mineral phase. Temperature time re-
gimes between 51 s at 180 °C and 420 s at 220 °C
resulted in a decrease of Mw between 20 and 95%

depending both on the mineral phase and the tem-
perature time regime. Similarly, Shim et al. [21] stud-
ied thermal degradation of pure PLGA in a multi-head
deposition system for residence times up to 7 days at
120 °C. Whereas 1 day residence caused a reduction
of Mw by more than 60%, longer duration produced in
a more gradual breakdown of Mw down to 10% of the
starting Mw after 7 days. Due to the markedly higher
printing temperatures in our case, a similar breakdown
within 2 h during the printing process is in good
agreement with these findings.

4.4. Surface wettability

High hydrophobicity of PLGA scaffolds is an is-
sue for many biological applications and diverse han-
dling techniques have been developed to overcome
this disadvantage [26]. The results of the water con-
tact angle measurements displayed in Fig. 9 indicate
significant positive effects both of the CaCO3 and the
POx content on the wetting behavior of printed con-
structs. For CaCO3, the SEM investigations give no
indications for uncovered mineral surface available
for water contact. Thus, the effect of the mineral con-
tent must be traced back to the changes in the PLGA
constructs surface topography, i.e., the wetting of
micro-structured surfaces in the Wenzel regime [1].
Similar effects were discussed for etched titanium
surfaces to improve both the wetting behavior and the
biological response [19]. For Pox-containing systems,
the surface topography was unchanged, compared to
those with pure PLGA. Thus, a regio-selective self-
organization of the POx molecules with the hydro-
philic parts reaching outside the PLGA surface (sur-
face segregation) during printing must be assumed as
causation. This observation corresponds well with the
improved wetting behavior of PLGA surfaces after
surface hydrolysis via treatment with NaOH [3].
Similar effects have been observed for oxygen plasma
treatment [17], [23] of PLGA. Thus, Wan et al. [23]
report a decrease of water contact angles from 78° for
the starting material to 45° after 2 minutes of plasma
treatment. Both groups describe changes in the surface
chemistry as well as the development of a sub µm
surface topography during plasma treatment which is
expected to contribute to the improved wetting be-
havior.

As shown in Fig. 8, the combination of CaCO3 and
POx content causes further significant decrease of the
water contact angle, compared to pure PLGA and
PLGA + 10 mass % of CaCO3. Thus, a synergistic
effect can be assumed that combines topographic
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features from the mineral phase with chemical fea-
tures of the self-organized arrangement of POx mole-
cules in the PLGA/environment interface comparable
to the investigations of Wan et al. [23]. The decrease
in water contact angle to ~40° is expected to have
a positive influence on the interaction with human
cells as improved cell adhesion was shown for tita-
nium surfaces with similar topography and wetting
behaviour [19].

4.5. In vitro degradation in PBS

Storage of printed samples was performed in PBS
at 37 °C for up to 28 days to study the hydrolytic
in vitro degradation of selected samples. For pure
PLGA, this resulted in the formation of a bimodal
porosity with diameters of a few µm as well as in the
submicrometer range. Addition of CaCO3 changed
porosity to a mineral particle-associated one. Pore
distribution became more homogeneous along with
increasing mineral content forming a dense pattern of
cavities for the samples with initial content of 30 mass %
of CaCO3. In all cases, the outer shape of the fila-
ments was completely maintained.

Exposure of porous scaffolds from PLGA70/30
and with 30 mass % tricalcium phosphate (TCP) pre-
pared via solvent casting and porogen leaching in PBS
for up to 12 weeks shows first micropores after
4 weeks of incubation [28]. For this approach, the
obtained pores seemed not to be correlated with
mineral particles which were very inhomogenously
distributed within the scaffolds. SEM investiga-
tions of scaffolds’ surfaces prepared by low-tem-
perature printing of a slurry from PLGA70/30 and
with 30 mass % TCP [27] show at numerous pores in
the micrometer range after 12 weeks degradation in
PBS at 37 °C. After 22 weeks a totally porous surface
was observed. The authors did not provide cross-sec-
tion images.

The reduction in Mw from 44.000 ± 460 g/mol to
26,400 ± 790 g/mol within 28 days incubation in PBS
at 37 °C is in good agreement with data reported by
Wu et al. [26] for porous scaffolds prepared by a room
temperature approach from PLGA85/15, i.e., the poly-
mer material systems used in our work. The authors
found significantly faster degradation of PLGA75/25
scaffolds. A slower in vitro degradation has been
detected by Yang et al. [27] for PLGA70/30 with
30 mass % TCP. Four weeks exposure in PBS at 37 °C
reduced Mw only from 82.000 g/mol to 55.000 g/mol,
indicating a decelerating effect of the mineral phase
on PLGA degradation.

5. Conclusions

In this study, we demonstrated that FDM process-
ing can be successfully applied to print three-dimen-
sional scaffolds from three-component systems com-
posed of PLGA, mineral and an amphiphilic polymer,
resulting in a complete embedding and homogeneous
distribution of the mineral particles in the polymer
matrix. Printing conditions allowed for a regio-
-selective self-organization of the amphiphilic mole-
cules in the PLGA surface with the hydrophilic parts
reaching outside. Interestingly, the grouping of CaCO3
and the amphiphilic polymer showed synergistic ef-
fects on the wettability behavior of the scaffolds. Our
data emphasized that this behavior was due to a combi-
nation of surface topography with surface chemistry.
Addition of CaCO3 caused the further development of
a mineral associated homogeneous micrometer-sized
porosity during in vitro degradation. Together with the
improved wetting behavior, this might enhance the
biological response to our scaffolds prepared in a one-
step processing. The observed significant thermal
degradation of PLGA during scaffold fabrication
might be overcome by printing technologies that al-
low for shorter high temperature material processing
in the printing process.
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