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ABSTRACT

The alumina-based scaffolds prepared by powder injection molding can be preferentially used for prepa-
ration of bone grafts. Here, the final architecture of alumina scaffolds was efficiently controlled by pow-
der space holder size and volume ratio. The alumina is not intrinsically cell-instructive material and thus
the coating with electrically-conducting polyaniline or polyaniline/biopolymer films prepared in a col-
loidal dispersion mode was used to provide this advanced property. The component of the extracellular
matrix, sodium hyaluronate, or natural biopolymers (sodium alginate or chitosan) were employed, and,
subsequently, the cytocompatibility of the native and functionalized alumina scaffolds were determined.
Both the absence of cytotoxicity and the cytocompatibility that were revealed demonstrate the applica-
tion potential of these composites. The scaffolds with pore size greater than 250 pm were more cytocom-
patibility than those with pores size between 125 and 250 pm. The cytocompatibility was confirmed
under in vivo-mimicking dynamic cultivation conditions which further improve the cell distribution
and growth.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Abbreviations: CBS, ceramic-based scaffold; CH, chitosan; SA, sodium alginate;

SH, sodium hyaluronate; AH, aniline hydrochloride; APS, ammonium persulfate.
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Personalized medical devices such as dental prostheses, bone
grafts or personalised medical devices often require the prepara-
tion of precisely designed scaffolds. While 3D printing techniques
are applicable for polymer-based scaffolds, Powder Injection Mold-
ing (PIM) allows the preparation of precisely designed ceramics-
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based products made. The precise design together with homoge-
neous chemical composition [1] is considered as main advantages
of PIM made materials. PIM allow to fabricate the personalised
medical devices made of ceramics which can be especially advan-
tageous in bone or dental engineering. The resulting porous PIM
structures have a different internal structure to those fabricated
by additive manufacturing plus allows to control the porosity [2].

Aluminum oxide (alumina) has good biocompatibility [3],
excellent corrosion resistance, high wear resistance and strength,
and is chemically bioinert [4]. In addition, its price is substantially
lower in comparison to, for example, titanium alloys. It should also
be mentioned that the production of porous alumina structures is
not as demanding as in the case of titanium and its alloys, which
are highly reactive and thus must be mixed, molded, and also
debound/sintered carefully under protective atmospheres.

Both, the bulk and surface properties must be considered when
the cytocompatibility of scaffolds are considered. From the bulk
properties, the pore shape is known to affect cell behavior, as in
the bone tissue regeneration process, the size and interconnection
of pores affect the cell migration, proliferation, and ingrowth into
the scaffold [5]. Another bulk properties such porosity [6], thermal
conductivity [7], and elasticity [8] is not limited the ceramic-based
scaffolds (CBS) application, but the surface characteristics are. Thus,
the composites combining the appropriate bulk characteristics with
stimuli-responsive surface coatings seems to be the most appropriate
way for preparation of desired cell-instructive scaffolds.

One of the most suitable materials for the preparation of
stimuli-responsive, and thus cell-instructive coatings is polyaniline
(PANI) [5]. PANI is a widely studied conducting polymer that pos-
sesses some unique properties. For example, the coating by PANI
itself is not adequately cytocompatible, but can be combined with
a variety of biomolecules, by the preparation of thin films based on
colloidal dispersions, to produce cytocompatible films [9,10]. PANI
also intrinsically combines electronic and ionic conductivities,
which is advantageous for material/cell communication. As men-
tioned, PANI can be stabilized by biopolymers that influence the
cellular physiology [11,12]. The following compounds can be used
as stabilizers: sodium hyaluronate, which can provide final
material-specific bioactivity, especially changes in stem cell gene
expression [13]; chitosan, which is well known for its antibacterial
properties [14]; and alginate, which is widely used in a variety of
biomedical applications including tissue engineering [15].

There have been studies devoted to the space-holder-assisted PIM
of metal powders such as 316 L stainless steel and several titanium
alloys, but there has hitherto been no report on aluminum oxide.
Considering the shape of the pores, polymethyl methacrylate
(PMMA) was used as a spherical space-holder for 316 L stainless steel
[16,17] and Ti6Al4V [18], while sodium chloride (NaCl) and potas-
sium chloride (KCl) have been employed in cases where an irregular
shape of particles or fibers with a high L/D ratio is desired. Thus, one
of the novelties of presented study is the use of KCl as space holder
for aluminium oxide. Another innovative feature of the approach
used in the present study is the colloidal-based coating of surfaces.
Concretely, the surfaces of a substrate were coated with various films
based on polyaniline (PANI) stabilized by biopolymers - in this case,
sodium hyaluronate, chitosan, and sodium alginate. Using these
biopolymers, cell compatibility, or more generally the biocompatibil-
ity of materials, might be controlled.

2. Materials and methods

2.1. Preparation of native ceramic-based substrates

The powder components of the PIM compound were aluminum
oxide (Martinswerk — Huber Corporation, USA) (p = 3.98 g/cm?,
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size range 0.1-3.0 um) and a powder space holder (PSH), potas-
sium chloride (KCI, Sigma Aldrich, Germany) (p = 1.98 g/cm?, size
range 125-500 pum). The powders were admixed into a partially
water-soluble binder (Licomont EK 583, p = 1.08 g/cm?, viscosity
1.5 mPa.s at 130 °C) in a batch mixer (Plasti-Corder, Brabender,
Germany) with counter-rotating blades. The powder content was
kept at 60 vol%, the powder: PSH ratio varied from 20:40 to
50:10, and two size ranges of the PSH were tested, see Table 1
(samples marked as CBS - Ceramic Based Substrates).

Injection molding was performed on an injection molding
machine (Allrounder 370S, Arburg, ARBURG GmbH + Co KG, Loss-
burg, Germany) with a universal tooling frame. The inserts for test
samples were made by machining EN AW 7022 aluminum alloy.
The test geometry consisted of a round plate (diameter 45 mm)
with a highly-drafted angle due to the absence of an ejector sys-
tem. The molding pressures were optimized to obtain defect-free
samples, (see Table 1).

Afterwards, the water-soluble binder component and part of
the PSH were removed by immersion in distilled water (60 °C)
for 24 h. The remaining binder (the backbone) was debound ther-
mally (280 °C) at atmospheric pressure. Sintering was carried out
in a PIM furnace (CLASIC CZ s.r.o., Revnice, Czech Republic) up to
a maximum temperature of 1670 °C and for a holding time of
1 h. The surface of CBS were inspected using SEM microscopy
(VEGA, Tescan).

2.2. Surface functionalization of native substrate

The surface of native CBS was further coated to become bioac-
tive. Four different compositions of the coating were tested. Firstly,
polyaniline (PANI) was used for coating. This coating can provide
electroactivity but according to previous studies does not provide
adequate cytocompatibility. Another three coatings were therefore
prepared via the innovative in-situ polymerization of aniline
hydrochloride in the presence of stabilizers — concretely, sodium
hyaluronate (SH), sodium alginate (SA), and chitosan (CH) [11].
The final composite coating is denominated either as PANI/SH,
PANI/SA, or PANI/CH. In all cases, aniline hydrochloride (AH, Sigma
Aldrich, Germany) and ammonium persulfate (APS, Sigma Aldrich,
Germany) were used for the preparation of each coating.

Preparation of PANI coating. PANI films were prepared by mixing
0.2 M AH and 0.25 M APS solutions and then pouring the reaction
mixture over samples and into Petri dishes. After 1 h of polymer-
ization, the surfaces were washed with 0.2 M HCI (Penta, Czech
Republic) and rinsed with methanol (Penta, Czech Republic).

Preparation of PANI/SH coating. For the preparation of PANI with
SH, 0.2 M AH, 0.1 M APS, and 1 % SH (Contipro a.s., Czech Republic)
were used. SH in demineralized water was shaken at 55 °C over-
night. Then, the AH solution was added, followed by the APS solu-
tion. The reaction mixture was poured over samples and into Petri
dishes, and polymerization carried out for 4 h.. As before, this step
was followed by washing with 0.2 M HCl and rinsing with
methanol.

Preparation of PANI/SA coating. PANI film stabilized with sodium
alginate (IPL, Czech Republic) was prepared using 0.2 M AH, 0.25 M
APS, and 2 % SA. The solution of SA was made in demineralized
water and shaken at 37 °C overnight. Afterward, AH was added, fol-
lowed by APS; thereafter, samples and the Petri dishes were coated
with the PANI/SA mixture. The polymer films were allowed to
polymerize for 4 h. The last step was the fixation of films with
0.2 M HCI and methanol.

Preparation of PANI/CH coating. This surface modification was
made with 0.2 M AH, 0.01 M APS, and 2 % chitosan (Sigma Aldrich,
Germany). Firstly, a solution of CH was prepared by dissolving it in
1 M HClI and shaking the solution at 55 °C overnight. After filtration
of the solution, AH was added, followed by APS. The surfaces were
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Table 1
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Composition of mixture and parameters of powder injection moulding process. Two ranges of PSH grain sizes were used in this study, firstly grains in the size range of 125-250

(5%°%) um and grains of 250-500 pm (=2%9),

Abbreviation Powder Space Holder Powder Pressure [bar]
size [um] [vol.%] [vol.%] Injection Holding

CBS=250-A 250-500 20 40 2100 1650
(CBS=2°0-8 30 30 1500 1200
CBS=250-¢ 40 20 1900 1500
CBS=250-D 50 10 2100 1650
CBS=250-E 125-250 20 40 2100 1650
CBS=250F 30 30 1500 1200
CBS=250-C 40 20 1900 1500
(CBS=2°0-H 50 10 2100 1650

covered with the resulting mixture and the film was left to poly-
merize for 12 h. Subsequently, the films were washed with 0.2 M
HCI and rinsed with methanol.

2.3. Cytotoxicity determination

In the tests, a mouse embryonic fibroblast cell line (ATCC CRL-
1658 NIH/3T3, USA) was used. The cultivation medium consisted
of Dulbecco’s Modified Eagle’s Medium (PAA Laboratories GmbH,
Austria) containing 10 % bovine calf serum (BioSera, France) and
1 % of Penicillin/Streptomycin (GE Healthcare HyClone, United
Kingdom). The test was repeated twice, each with five repetitions
per sample. Cells were incubated at 37 °C in 5 % CO, in humidified
air.

Cytotoxicity of the native substrate. Native CBS were crushed and
extracted according to ISO standard 10993-12 in media with a
concentration of 0.2 g/mL. The tested samples were extracted in
a culture medium for 24 h at 37 °C with stirring. The parent
extracts (100 vol%) were then diluted in the culture medium to
achieve final concentrations of 75, 50, 25, 10, and 1 vol%. All
extracts were used within 24 h.

Cytotoxicity testing itself was performed according to ISO pro-
tocol 10 993-5. Cells were preincubated in 96 well plates (TPP,
Switzerland) at a concentration of 10° cells per mL. The extracts
were added to pre-cultivated cells for another 24 h. All tests were
performed in quadruplicates. The evaluation of cell viability at the
end of exposure was performed using Tetrazolium (MTT cell prolif-
eration assay kit, Duchefa Biochemie, Netherlands). The absor-
bance was measured at 570 nm with an Infinite M200 Pro
NanoQuant instrument (Tecan, Switzerland) and the reference
wavelength was adjusted to 690 nm. The results are presented as
the cell viability (%) in NIH/3T3 culture compared to that in med-
ium without PIM extracts (reference cell viability corresponds to
1). The morphology of cells from the culture plates was assessed
after their cultivation in CBS extracts by using an inverted Olympus
IX 81 phase contrast microscope (Olympus, Germany).

2.4. Cytocompatibility determination

The cytocompatibility study began with the determination of
cell adhesion, growth, and proliferation on (1) native CBS and (2)
the films used for its functionalization. The results from these ini-
tial steps allowed us to design and perform (3) bioactivity studies
in which cell growth and ingrowth under static or dynamic condi-
tions with electrical stimulation were investigated.

The cultivation conditions for experiments 1 and 2 were the
same: the cells were incubated at 37 °C in humidified air with
5 % CO, for 2 days. The differences were in the concentrations of
seeded cells: 2 x 10° per mL for experiment 1, and half that con-
centration (10° per mL) for experiment 2. The experimental setup
and cultivation conditions for experiment 3 were adjusted as fol-

lows: A concentration of 2 x 10° cells per mL was seeded on sub-
strates with a functionalized surface. After 3 days of proliferation,
samples were transferred to a bioreactor enabling electrical stimu-
lation. The bioreactor was run for 6 h per day for a total run-time of
72 h, each successive hour-long period alternating between electri-
cal stimulation and no stimulation. The medium flow was 54 RPM.
The pulse had a rectangular waveform with a width of 3000 ms,
and the voltage was set at 0.1 V. Cells were visualised through
nuclei counterstaining by Hoechst 33,258 (Invitrogen, USA) and
actin filaments were visualized by counterstaining with ActinRed™
555 (Thermo Fisher Scientific, USA).

3. Results and discussion
3.1. Space holder size and volume determine the architecture of CBS

Substrate composition, architecture, pore size, and porosity all
play important roles in the context of designing materials for use
within biomedicine. Here, we used different sizes of space holder,
different space holder vs powder ratios, and different processing
parameters. Scaffold porosity increases with increasing additions
of the powder space holder. In addition, the shape of the pores
can be influenced by the shape of the PSH grains. As can be clearly
seen in Fig. 1, the critical parameter determining the material
properties is the space holder size and its ratio to powder, while
processing parameters seems to be less important. Using these
two components, the architecture, porosity, and especially the pore
size can be easily controlled.

3.2. Native CBS do not induce cytotoxicity

The level of cytotoxicity predetermines any application of a
material in biomedicine. Here, the ISO procedure was used to
determine the cytotoxicity of the native substrate. The cytotoxicity
evaluation is based on the determination of effect of soluble impu-
rities leaching from the material, thus the cytotoxicity of substrates
with functionalized surfaces was not determined, as the volume
ratio of coatings was very low and could not thus induce cytotox-
icity. The surface functionalization can however influence the cyto-
compatibility due to receptor-based interaction with cells. This
issue is determined and discussed further.

As presented in Fig. 2, the native CBS did not induce cytotoxic-
ity. Only in the case of two samples, CBS>2°0-B: CBS=25%F marked as
B and F, the cell viability slightly decreased bellow the 70 %, and
thus approach the cytotoxicity threshold. If the standard deviations
and cytotoxicity of higher concentrations (in case of sample B) are
considered, the cytotoxicity of those concentrations was not
clearly proved. It can thus be concluded that native CBS are appli-
cable in biomedicine and can be further functionalized to become
bioactive.
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Fig. 1. SEM images of the structure of native CBS prepared using different compositions and preparation parameters. The effect of the size of the space-holder as well as the
ratio between space and powder volume on the final structure of the substrate can be clearly seen. The pore size is highly correlated to the size of space holder, while the
space holder / powder volume ration predetermine the porosity and pore interconnection. A = CBS=2°0-A B = CBS=2°0-B, C = CBS=2°0-€, D = CBS=2°0-P, E = CBS=2°0F F = CBS=2°0F,
G= CBsﬁZSO—G H= CBSSZSO—H.
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Fig. 2. The cytotoxicity of native CBS determined by a decrease in cell viability compared to the reference (data were converted to a percentage of the control and expressed
as the mean # standard deviation, n = 5). The ISO 10-993 procedure, concretely the testing of extracts, was used. The cytotoxicity threshold is marked by dashed lines; when
the viability falls below 70 %, samples are considered to induce cytotoxicity. None of the tested native substrates induced cytotoxicity. A = CBS*2°°-#; B = CBS=2°0-B,
C = CBS=250-C D = CBS=250-P E = CBS=<250-E | = CBS=<250-F ( = CBS<250-C H = CB§=250-H-

3.3. Bioactive coatings prepared in colloidal dispersion mode are conductivity can be achieved by incorporation of conducting poly-
cytocompatible mers. It was, however, previously determined that native PANI
does not provide an adequate cell response, which was also con-

The conductivity is one of the crucial properties when the firmed by this study (see Fig. 3B). Functionalization was therefore
bioactivity of bone scaffolds and grafts are considered [19]. The performed by means of an innovative procedure combining the
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synthetic conducting polymer (providing stimuli-responsivity)
with biopolymers (providing cytocompatibility). The procedure is
based on the preparation of thin films in colloidal dispersion mode
[10]. The final composite coating can thus provide both bioactivity
and cytocompatibility.

To confirm the cytocompatibility of the surface functionaliza-
tion employed here, cells were seeded onto surfaces and their pro-
liferation and morphology were determined. The quantification of
cells on the individual surfaces was not determined due to both the
interaction of films with reagents used for cell viability evaluation
(especially the MTT assay results can be biased) and due to the fact,
that cell quantity does not provide relevant information about the
real cytocompatibility which depends on cell physiology and mor-
phology. It is clearly shown that cells on the PANI films were not
capable of proliferation (see Fig. 3B). From the study [11], it is
known that the addition of biocompatible polysaccharides to col-
loidal films changes the surface energy and surface topography,
which can also lead to a change in cytocompatibility. Fig. 3C show
that the number of cells on the surface modified with PANI/SA was
smaller than the numbers of cells on the surfaces modified with
PANI/SH (Fig. 3E) and PANI/CH (Fig. 3D) film. Also, on PANI/SA
(Fig. 3C), round cells could be observed that were capable of adher-
ing onto the surface, but they could not proliferate. The number of
cells on the surface stabilized by alginate was smaller in compar-
ison to the other stabilized films. Fig. 3E shows the cell on the sur-
face coated with PANI/SH are present in higher quantity and
especially their morphology is more physiological. This could be
because of SH, which can support not only cell adhesion and pro-
liferation but mainly their physiological state according to the type
of adhered cells. The actin cytoskeleton of cells on this film was
more fibrous compared to the reference sample (Fig. 3A). The pro-
liferation rate on the PANI/CH film (Fig. 3D) was similar to that on
the PANI/SH film and also the morphology of actin fibers was sim-
ilar in these two cases. It can be clearly seen that the best cytocom-
patibility was offered by the PANI/SH and PANI/CH coatings. From
those, the PANI/SH was later chosen as the most promising treat-
ment for the determination of bioactivity under dynamic cultiva-
tion conditions. Sodium hyaluronate was chosen with regard to
bioactivity related to stem cell differentiation [20].
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Fig. 4. Cell growth on the surface and within the pores of native CBS=2°°-B (A) and
CBS=2°0-F (B) prepared with 30 vol% of space holder. The cells were seeded in a
concentration of 2 x 10° cells per mL and cultivated for 2 days. Individual cells were
visualised through nuclei counterstaining by Hoechst (white). There were no
significant differences between any of native CBS. The CBS=2°°-" were chosen as the
most appropriate for other experiments.

3.4. Cells can grow on the surface and within the pores of CBS under
static cultivation conditions

In addition, cell growth on the surface of the sample, as well as
cell ingrowth into the pores were investigated on native as well
functionalized CBS. Cells were able to attach to, and subsequently
grow on all mentioned samples.

Fig. 4 provides a detailed view of the surface of the native CBS
without any surface treatment and with different pores sizes (A
250 pm and more, B 125-250 pm). Overall, the growth of cells
was better on samples with a pore size greater than 250 pm than
on samples with a pore size between 125 and 250 pm. The lowest
viability was observed for CBS functionalized with PANI. In con-
trast, functionalization by films prepared in colloidal dispersion
mode improved cell growth on PIM samples in the case of all sta-
bilizers. Also, there were no significant differences in cell growth
between CBSPANVSH CBSPPANYSA and CBSPANYCH, Moreover, the cell

Fig. 3. Cell proliferation on reference - the cell culture polystyrene without surface modification (A); PANI (B), PANI/SA (C); PANI/CH (D); and PANI/SH (E). Cells were seeded
in a concentration of 10° cells per mL and cultivated for 2 days. Cell nuclei were visualized by counterstaining with Hoechst; actin filaments were visualized by
counterstaining with ActinRed™ 555 The appropriate cytocompatibility was observed in the case of the PANI/CH and PANI/SH coating.

5
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quantity was very similar to that observed for pure PIM samples.
Based on microscopic observations it can be concluded, that cells
were able to ingrowth deeper into the pores in all of the samples.

Due to the best cytocompatibility of CBS with pores higher than
250 pm and most promising properties of PANI/SH based coating
the only CBS=2°0-P-PANISH \y35 ysed for further experiments.

3.5. Dynamic conditions and electrical stimulation improve
cytocompatibility

The final goal of the here presented study was to prepare a CBS
which is not only cytocompatible but also possess stimuli-
responsive and thus even cell-instructive potential. The impor-
tance of in vivo occurred dynamic condition is often omitted within
the cytocompatibility study. In this context, the mechanotransduc-
tion which integrates various physical cues from a cell’s surround-
ing microenvironment and converts them into biochemical
intracellular signaling responses are most important. The flow of
cultivation medium (shear stress) is main part of mechanotrans-
duction when the bone scaffolds are considered. Here we apply
the media flow 54 RPMI. Except of mechanotransduction, the
instructive role of electroconductivity is obviously of great impor-
tance. Especially in case of bone tissue, the role of electroconduc-
tivity of materials is discussed [21].

There are no generally accepted protocols used for the electrical
stimulation of cells, the set-ups vary not only in the applied voltage
(from ~ 4-5 mV to 150 mV) but also pulse duration (mostly from
2 ms to 200 ms), frequency (mostly between 2 and 6 Hz), and
waveform (e.g. monophasic, square) [19,22,23]. In here presented
experiments the commercial equipment was used and the electri-
cal stimulation parameters were as follows: voltage 0.1 V, pulse
width 3000 ms, arrangement on square-wave.

As mentioned, the CBS with a pore size above 250 pm was cho-
sen for the experiments under dynamic conditions. The preferen-
tial cytocompatibility of materials with pore size of about 200 to

Fig. 5. Cell distribution and cell morphology on CBS=230-P-PANISH ynder static (A,B)
or dynamic (C,D) cultivation conditions. Cells were seeded in a concentration of 2 x
10° cells per mL and precultivated in static conditions for 3 days and subsequently
cultivated in dynamic conditions for another 3 days. Cell nuclei are visualized by
counterstaining with Hoechst, actin filaments are visualized by counterstaining
with ActinRed. Parameters of dynamic conditions: Media flow 54 RPMI, pulse width
3000 ms, square waveform, voltage 0.1 V.
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300 pum is generally considered as ideal for bone tissue replace-
ments [24] and was confirmed even on the CBS (see Fig. 4A). The
coating with PANI/SH was chosen as the most promising, mainly
due to the bioactivity of SH.

Both described cell-stimuli external factors, shear stress and
external electrical stimuli, were applied together, and the results
are presented in Fig. 5. It is obvious that application of shear stress
and external electrical stimulation has an important effect on few
cellular parameters (please compare the Fig. 5A and 5B versus 5C
and 5D). Firstly, the cell quantity is higher on the surfaces exposed
to dynamic conditions, and more importantly the cell distribution
is more homogeneous. This is critical for the scaffold acceptance
after implantation [25]. In addition, a slightly different cell mor-
phology and structure of cytoskeleton can be observed under
dynamic conditions with electrical pulses than under static condi-
tions. This can be connected to both the applied shear stress and
electrostimulation [26,27].

4. Conclusion

Ceramic-based scaffolds prepared by Powder Injection Molding
are promising candidates for use as medical scaffolds, especially in
bone regeneration and restoration. The composition of the PIM
mixture as well as the processing parameters were tested to reveal
their impact on the architecture of the porous material. It was
found that the final architecture can be efficiently controlled by
the powder space holder size and the volume ratio. However, alu-
mina itself does not provide adequate cytocompatibility, or, espe-
cially, bioactivity. None of the prepared ceramic-based scaffolds
induced cytotoxicity, and more importantly, cells were able to
grow on their surface and ingrowth into the pores. The scaffolds
surfaces were therefore subsequently functionalized by stimuli-
responsive polyaniline-based films. To improve the cytocompati-
bility, coatings were innovatively prepared in colloidal dispersion
mode and combined the synthetic conducting polymer with
biopolymer stabilizers (sodium hyaluronate, chitosan, and sodium
alginate). This functionalization further significantly improved the
cytocompatibility of the ceramic-based scaffolds. The bioactivity of
the prepared scaffolds was confirmed by an improvement in cyto-
compatibility when dynamic cultivation conditions and electrical
impulses were applied. The in vivo mimicking conditions improve
the cytocompatibility of scaffolds, especially in context of cell dis-
tribution and growth.
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