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PREPARATION OF PSYLLIUM
HUSK POWDER BASED
MICROPOROUS COMPOSITE
SCAFFOLDS FOR TISSUE
ENGINEERING

SURUCHI PODDAR, PIYUSH SUNIL AGARWAL,
SANJEEV KUMAR MAHTO*

TISSUE ENGINEERING AND BIOMICROFLUIDICS LABORATORY,
SCHOOL OF BIOMEDICAL ENGINEERING,

INDIAN INSTITUTE OF TECHNOLOGY,

BANARAS HINDU UNIVERSITY, VARANASI, INDIA

*E-MAIL: SKMAHTO.BME@IITBHU.AC.IN

Abstract

This study demonstrates the comparison in the
method of fabrication and thus evaluates the po-
tential of psyllium husk powder and gelatin-based
composite microporous scaffolds for tissue engi-
neering applications. The scaffold is being prepared
in three different ratios of 50:50, 75:25 and 100 (w/w
of psyllium husk powder and gelatin, respectively) by
employing a suitable cross-linking agent, EDC-NHS,
followed drying. We have demonstrated the use and
outcomes of two different methods of scaffold drying,
i.e., vacuum desiccation along with liquid nitrogen dip
and lyophilization. It was concluded from the SEM
micrographs that the scaffolds dried under vacuum
accompanied with liquid nitrogen exposure exhibited
less porous architecture when compared to those
prepared using a lyophilizer, that resulted in pores in
the range of 60-110 um. Scaffolds fabricated using
the former technique lost porosity and sponge-like
characteristics of a scaffold. In spite of the above fact,
water retaining capacity and stability in the cell culture
of such scaffolds is significant, nearly 40-50% of its
initial dry weight. Cell culture experiments support
the potential of the scaffolds prepared from different
methods of fabrication for its cytocompatibility and sui-
tability for cell growth and proliferation for a substantial
duration. Erosion in the porous design of the scaffolds
was observed after 14 days via SEM micrographs.
It was inferred that freeze-drying is a better technique
than vacuum desiccation for scaffold preparation.
The present investigation has been conducted keeping
in mind the importance of drying a scaffold. Scaffold
drying is a necessary step to increase its shelf-life,
makes it easy to transport and much importantly,
controlling the pore size of the scaffold.

Keywords: Psyllium husk powder, EDC-NHS coupling
reaction, microporous scaffolds, hydrogel, freeze-
-drying, vacuum desiccation

[Engineering of Biomaterials 147 (2018) 2-6]

Introduction

Tissue engineering is a mixed discipline that mainly fo-
cuses on the recreation and regeneration of diseased or dam-
aged tissues [1,2]. Design and development of microporous
three-dimensional scaffolds are one of the potential domain
of research for tissue engineering and regenerative medicine.

Scaffolds form an integral part of tissue engineering as
they allow us to mimic native tissue-like environment by
complying the structural, biological and mechanical attrib-
utes of the extracellular matrix (ECM) present in the native
tissues [3]. Very briefly, scaffolds provide an anatomical
framework for the cells to reside, the porosity of the scaffold
supports metabolite transport efficiently, the strength of the
scaffolds is responsible for the mechanical characteristics of
the cells, facilitates cell growth and proliferation by providing
them enough cues to respond and communicate amongst
each other. Therefore, tissue engineering scaffolds are an
absolute necessity that provides a conducive environment
for cell growth and reproduction with respect to its three-
dimensional structure, pore size, strength, cell attachment,
degradation rate, etc. [4,5].

Although researchers have access to a plethora of avail-
able biomaterials from synthetic such as poly(vinyl alcohol)
(PVA), polycaprolactone (PCL), poly (glycolic acid) (PGA),
to natural such as cellulose, alginate, gelatin, chitosan,
etc., natural biomaterials are particularly being selected
for their easy availability, low toxicity, enhanced bioactivity
and cytocompatibility [6,7]. With the advancement in tissue
engineering the use of plant-derived biopolymers such as
alginate, guar gum, aloe gel to name a few, have gained
momentum. Easy accessibility, high acceptability and
their use in the treatment of human ailments over many
decades have made them the material of choice for tissue
engineering applications. Plantago ovata or psyllium husk
is one of the most widely used and commercially available
plant-derived polysaccharides in Indian markets [8]. It has
been used in many biomedical applications because of its
ease of availability, low cost, non-toxicity, biodegradability,
and safety [9]. Gelatin, a versatile and naturally occurring
biopolymer helps in the modulation of cell adhesion because
of the presence of cell adhering moieties [10-15]. It has been
used as an acceptable scaffolding biomaterial for cardiac,
hepatic, skin, bone and many such tissue engineering
applications [16].1-ethyl-3-(3-dimethylaminopropyl)-1-car-
bodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) has been used as a cross-linking agent as it intro-
duces an amide or an ester bond between the functional
moieties of the biopolymers [17-19]. The use of EDC-NHS
does not involve any addition of spacer arms between the
conjugating molecules as it belongs to a class of zero-length
cross-linker [20]. This unique feature of EDC-NHS makes
it a potential cross-linker as it does not integrate with the
final product and leaves no toxic substance in the fabricated
scaffold [21,22].

Scaffold drying is an important step for scaffold prepa-
ration. It increases the shelf-life of the material and thus
the scaffold, makes it easier to transport, allows a control
over the range of pore sizes formed within the scaffold
which is a critical feature for cell growth, provides a uniform
structure and maintains the integrity of the scaffold and to
some extent provides an aesthetic value to the scaffolds
[23]. Freeze-drying involves the use of present ice-crystals
as a template for pore formation. It applies the principle of
sublimation that occurs when the formed ice-crystals go
directly to the gaseous state thus omitting the liquid phase.
This process allows little control over pore size and inter-
connectivity between the pores is maintained and prevents
the structure from collapsing [24,25].

The main aim of this study is to compare the drying
methods of vacuum desiccation and freeze-drying in the
fabrication and characterization of psyllium husk powder
and gelatin-based three-dimensional microporous scaf-
folds, cross-linked with EDC-NHS coupling reaction, thus
supporting its potential for tissue engineering applications.
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Materials and Methods

Psyllium husk powder and gelatin (FIG. 1 a,b) composite
scaffolds were prepared by mixing them in the three different
ratios, namely 50:50, 75:25 and 100:0 (w/w) respectively,
in water. A total of 0.4 g of psyllium was mixed with 14 mL
of distilled water to prepare 100% psyllium husk scaffolds.
Similarly, the ratios 50:50 and 75:25 were also prepared.
The prepared ratios were then cross-linked using 25 mM
EDC and 10 mM NHS solution prepared in 95% alcohol
solution at an acidic pH, as already explained in detail else-
where [26] followed by a drying step. Digital photographs of
the fabricated scaffolds were captured from a 13-megapixel
digital camera. In the present study, one set of scaffolds
were dried for two days using a desiccator connected to
a vacuum pump accompanied with a liquid nitrogen dip for
10-15 seconds for complete drying. The other set of scaf-
folds was cross-linked using the same procedure as above
except it was dried for two days in a freeze-drier.

Scanning electron microscopy analysis using a Zeiss
EVO 18 SEM (Zeiss, Oberkochen, Germany) at 20 kV,
was carried out to determine the porous architecture of the
scaffolds after respective drying steps. Cell culture studies
were performed with L929-RFP (red fluorescent protein)
mouse fibroblast cells to identify cell viability, growth, and
cell-cell communication within the fabricated scaffold [27].
For freeze-dried scaffolds circular discs of the scaffolds were
punched out with 5 mm diameter and similar thickness of
the scaffolds was used, i.e. 1-2 mm approximately. Whereas
for the scaffolds dried by vacuum desiccation and liquid
nitrogen dip had become crispy and hard making it difficult
to punch out discs of 5 mm diameter. Therefore, pieces of
similar dimensions were cut and used for cell culture experi-
ments. The scaffolds were sterilized by exposing them to
ultra-violet radiation for 30 min inside a biosafety cabinet.

Materials used

Psyllium husk powder and Gelatin

(b)

FIG. 1. Representative images of (a) raw materials, i.e. psyllium husk powder and gelatin, used in the fabrication
of the scaffold and (b) the viscous mixture formed after mixing the raw materials.

Vacuum desiccated
+ Liquid Nitrogen dipped scaffolds

Freeze-dried
scaffolds

FIG. 2. Digital photographs of fabricated scaffolds by utilizing the two methods for drying the scaffolds and the
SEM micrographs that depict porous architecture of the scaffolds. Scale bar: 0.5 cm.
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Vacuum desiccated +
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Liquid Nitrogen dipped scaffolds

Freeze-dried
scaffolds

FIG. 3. Panel of images of L929-RFP mouse fibroblast cell culture within the scaffolds prepared from different
drying techniques. The panels exhibit brightfield, fluorescent and merged images (from left-right) of the cells

within the scaffolds at day 1 and day 5. Scale bar: 50 pm.

Cells were then seeded at a density of 10°cells per scaffold
and the scaffolds were allowed to soak in the cell suspen-
sion solution for about half an hour inside a humidified CO,
incubator (Galaxy® 170 S, Eppendorf, Germany). The scaf-
folds were placed in a Petri dish and fed with the optimum
volume of cell culture medium that was maintained inside
a humidified, 5% CO, incubator at 37°C for further experi-
ment. The complete cell culture medium was prepared from
Dulbecco’s modified Eagle’s Medium (DMEM, HiMedia),
10% fetal bovine serum (FBS, HiMedia) and 1% Penicillin/
Streptomycin (HiMedia) antibiotic solution. The fluorescent
images of L929-RFP cells within the scaffolds were collected
at regular intervals using an inverted, DIC, fluorescence
microscope (Nikon Ti-U).

Results and Discussions

It is observed from the digital photographs of the fab-
ricated scaffolds that the first set of scaffolds, dried in
a vacuum desiccator and exposed to liquid nitrogen, exhib-
its a contracted or deflated physical appearance (FIG. 2a)
that seems to be progressing towards a sheet-like struc-
ture with pure psyllium (100) composition whereas the set
of scaffolds subjected to freeze-drying protocol maintain
the physical aspect and integrity of the scaffold (FIG. 2b).

The polyhedral shape of the pores of the freeze-dried scaf-
folds spanned a range of 60-110 ym. The average pore
size for all the three ratios of the scaffold was examined
as 77+24 um. The difference in the physical attributes of
the scaffolds prepared from two distinct procedures is due
to the fact that vacuum desiccation followed by a dip in
liquid nitrogen removed all the moisture from the scaffolds
thereby leaving no void space within the scaffolds for it
to be considered as microporous as highlighted from the
SEM images (FIG. 2a). On the contrary, the freeze-drying
procedure exploits water content as a template to create
microporous structures within the scaffolds thus maintaining
its porous morphology [28]. The basic principle of freeze-
drying is the phenomenon of sublimation, thatimmediately
converts solid into a vapour state without passing through
a liquid state. The material to be dehydrated is first frozen
and then subjected to a high vacuum. The complete pro-
cedure of lyophilization takes place at a low temperature
and pressure that makes it an excellent method for pre-
serving biological and heat-sensitive samples [29]. It was
concluded from the cell culture images in FIG. 2 that scaf-
folds fabricated from both drying steps show equally good
cell growth and proliferation when compared for a period
of 5 days. The cellular proliferation was found to be >80%
by the 6th day of cell culture in the fabricates scaffolds.
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FIG. 4. Representative images of scaffolds at different stages of fabrication process as well as when incubated
in culture medium. SEM image shows the internal geometry and microporous nature of the fabricated scaffolds.

Scale bar: 1 cm.

The scaffolds dried by vacuum desiccation and liquid nitrogen
show commendable swelling in their size when subjected to
cell culture media. The reason behind this behaviour may
be that while in a vacuum all the air was being sucked out
of the scaffold leaving no void space behind which is clearly
expressed from the SEM micrographs. Therefore, when
a liquid medium was added, it readily absorbed all the solu-
tion inside it and distended like a balloon. The swelling ca-
pacity or the water imbibing ability of the fabricated scaffolds
was investigated as 40-50% of its initial dry weight for scaf-
folds fabricated from both the techniques. The long-term in
vitro degradation of the scaffolds till 14 days in physiological
buffer (pH 7.4) at room temperature and at 37°C suggests its
resistance towards hydrolytic degradation [30] that makes it
a potential candidate for oral and subcutaneous drug delivery
systems and tissue engineering applications. It is observed
that by day 5 cells made immense network among them-
selves, a notable cell-cell communication and proliferation is
also visible (FIG. 3 a,b). The cells were found to be present
through-out the thickness of the scaffold when analysed
from Z-stacking images revealing the porous architecture
of the scaffolds. The scaffolds were appreciably stable in
the cell culture media for a significantly long duration of 3-4
months, although cells were not visible within the scaffolds

after 24 days. This indicates that though biodegradable in
nature, the degradation of the scaffolds was slow because
of its integrity obtained by cross-linking with EDC-NHS
coupling reaction. With the given experimental conditions
it was inferred that the ratio of 75:25 is most suitable for
cell growth, differentiation, and proliferation. The sequence
of steps followed in the fabrication process of scaffolds us-
ing EDC-NHS coupling reaction as a suitable cross-linker
has been represented in FIG. 4.

Conclusions

The outcomes of the conducted study led us to the
conclusion that EDC-NHS cross-linked scaffolds fabricated
by freeze-drying step exhibit superior porous structure
in comparison to those dried in a vacuum desiccator ac-
companied with liquid nitrogen dip. Although both sets
of scaffolds were found suitable for cell growth and com-
munication, structure and integrity of the scaffolds were
better maintained in those developed using a freeze-drier,
unlike the other set that presented a shrunken appearance.
Therefore, in light of the above facts, it was inferred that
scaffolds fabricated by the freeze-drying process were more
suitable for cell culture and tissue engineering applications.
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The fabricated scaffolds can be used in various tissue en-
gineering and regenerative medicine applications such as
wound dressing, sustained drug release, three-dimensional
microporous scaffold for tissue regeneration and many more,
based on the fact that: 1) they have remarkable water imbib-
ing capacity of 40-50% of its initial dry weight, 2) enhanced
mechanical strength, i.e. the crispy and brittle nature of the
scaffolds obtained from the former technique was replaced
by the strength to oppose crushing loads by freeze-drying.
The cytocompatibility was determined to be ~80% for L929
fibroblast cells, which also projects its suitability for cell
culture. The biodegradable nature of the fabricated scaf-
fold makes it an acceptable platform for the development
of bioengineered tissues. Moreover, such an economic type
of natural biomaterials are easy to manufacture with minimal
toxicity and worldwide acceptance.
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Abstract

This paper discusses the possibilities of obtaining
polylactide-based composites and nanocomposites
modified with carbon materials using the extrusion
method, as well as the potential of their application
in 3D printing technology. The aim of this research
is to determine the impact of the presence of carbon
additives on the properties of composites: mechanical,
thermal and chemical. For this purpose, several
research techniques were used such as scanning
electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), DSC/TG analysis, infrared
Fourier-transform infrared spectroscopy (FTIR)
and mechanical tests. It has been shown that it is
possible to effectively produce composite materials
based on PLA and carbon modifiers after optimization
of the extrusion and printing process. Special
attention should be paid to the quality of carbon
phases homogenization in PLA matrix because the
inappropriate dispersion may have a negative effect
on the final properties of the composite, especially
those modified with nanomaterials. Moreover, the
reinforcing effect of carbon phases can be observed,
and the quality of obtained filament with carbon
fiber after recycling does not differ significantly from
the quality of commercially available filaments.
The obtained filament was successfully used to print
three-dimensional scaffolds. Therefore, both the use of
materials which are biodegradable and biocompatible
with human tissue and the 3D printing method have
the potential to be applied in tissue engineering.

Keywords: 3D printing, poly(lactic acid), carbon
materials, scaffold, tissue engineering

[Engineering of Biomaterials 147 (2018) 7-15]

Introduction

In recent years, composite and nanocomposite materials
have been very common due to the unique properties and
a very wide range of applications - from technology, industry [1]
to medicine and tissue engineering [2-4]. In the latter,
biodegradable polymers such as polylactide (PLA) [5-10]
or polycaprolactone (PCL) [11-15] deserve special atten-
tion. PLA is a thermoplastic polymer that can be obtained
from renewable sources [16]. It is popular in biomedical
applications due to its relatively good mechanical proper-
ties, biocompatibility and biodegradability, as well as simple
processing and modification [17,18].

The disadvantage of polymers as biomaterials is fre-
quently too rapid degradation in the physiological environ-
ment [19], insufficient mechanical strength and considerable
deformability. However, the possibility of introducing modifi-
cations makes these materials predominant among the other
typically used, e.g. metals [20]. Carbon materials like carbon
fibers [21,22] and carbon nanomaterials, such as graphene
[23], graphene oxide [12] or carbon nanotubes [24,25] are
widely used as additives in polymer composites. Carbon
materials are biocompatible with human tissues. They have
antibacterial properties, high mechanical strength, and
relatively low density. Those properties make the materials
very beneficial modifying agents for tissue engineering [26].

There are many traditional methods of composite and
nanocomposite biomaterials producing and molding [27].
However, the 3D printing technology, especially Fused
Deposition Modeling (FDM) is relatively new and innovative
[28]. It is a method of additive manufacturing, waste-free
and rapid prototyping, which in general consists in applying
subsequent layers of thermoplastic material to the substrate,
based on the digital model. A filament with a certain diameter
produced by extrusion is used as a semi-finished product.
The advantage of additive production in comparison to the
standard methods is controllable porosity, individualization
of printed objects (patient-specific designs) and a favorable
time-cost relation of manufacturing [29,30].

The aim of this research was to determine the effective-
ness of extrusion in preparation of composite filaments and
assessment of 3D printing (FDM) capabilities in manufactur-
ing composite scaffolds based on carbon fibers and carbon
nanomaterials for tissue engineering.

Materials and Methods

Materials

Poly(lactic acid) filament (Barrus Filaments, Holland,
d =1.75 £ 0.05 mm; PLA) was used in this study. The PLA
properties are shown in TABLE 1. A commercial filament of
poly(lactic acid) with short carbon fiber (Carbon Fiber PLA,
Proto-Pasta, USA, 15% w/w SCF, d = 1.75 +/- 0.05 mm;
PLA/SCF_C) was used as a reference material. To produce
a composite filament, short carbon fibers (SCF_R) were
used from the polyacrylonitrile precursor after thermal recy-
cling (SGL Carbon Group, Poland, | = 6 and 12 mm), which
were then milled and pressed (FIG. 1). In order to improve
homogenization of the carbon fibers with polymer and obtain
composite filaments, grinding and pressing of carbon fibers
were performed in the PULVERISETTE 16 (Fritsch®) cross-
beating mill and on a hand press at 20 MPa, respectively.
Graphene oxide (GO) and multi-wall carbon nanotubes
functionalized with hydroxyl groups (MWCNT-OH) were
obtained from Nanostructured & Amorphous Materials, Inc.
(USA). Selected data characterizing carbon nanomodifiers
are presented in TABLES 2 and 3.
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FIG. 1. Carbon fibers after recycling: A) before grinding, B) milled, C) pressed.

TABLE 1. PLA filament properties [31].

TABLE 3. MWCNTs-OH characterization [32].

Dimensions Purity > 95 wt%

Diameter Roundness Outer diameter 10-20 ym
1.75 £ 0.05 mm = 95% Inner diameter 5-10 nm
Physical properties Length 0.5-2 um

Specific weight | 1.24 g/cm3 SSA > 200 m?/g
Thermal properties Density 21 3
— o 1 glem

Printing temperature 180-210°C (at 20°C)
Melting point 145-160°C Content of Multi-walled carbon > 95
Vicat softening 4 60°C functional nanotubes (without —OH)
temperature - groups [%] -OH 2.91-3.21

TABLE 2. GO characterization [32].

TABLE 4. Parameters of the extrusion process.

: Py —
Purity > 99 wt% Nozzle Custon:alnel:‘?r:e nozzle,
Diameter 0.5-3 um pering
Thickness 0.55-1.2 nm Extrusion temperature 180°C
The number of layers 1-10 Extrusion speed 40 m/
Density (at 20°C) 2.1 glcm? Diameter of the nozzle 1.75 mm

Methods

Extrusion — filament manufacturing

The extrusion process was carried out using a Filabot ex-
truder (MakerBot®, USA). TABLE 4 presents the parameters
of the extrusion process. The commercial PLA filament was
cut into small pieces and 50 g of this polymer was introduced
into 3 containers to obtain composite PLA filaments with the
following additions: SCF_R (15% w/w of PLA; PLA/SCF_R),
GO (1% w/w of PLA; PLA/GO) and MWCNT-OH (1% w/w of
PLA; PLA/CNT). All the samples were mechanically mixed
for 10 min. Each of the obtained mixtures was introduced
into the extruder chamber, from where the material in the
molten form was transported to the nozzle outlet, and then
extruded as a bundle of the filament with a diameter of
1.75 mm. The material was formed in a gravitational man-
ner (the beam freely dropped from a height of 40 cm to
a flat surface, self-curling), while the formed material was
air-cooled. In each case, the triple extrusion was performed
(by re-cutting the obtained filament) to homogenize the
materials more efficiently. In addition, pure PLA was also
extruded in the same way in order to investigate the influ-
ence of extrusion process conditions on the structure and
properties of the pure polymer.

3D printing

MakerBot Replicator 2X printer (MakerBot®, USA),
based on FDM method was used to the 3D printing of
scaffolds. The samples for testing were of a dog-bone
shape (FIG. 2) with a 20% hexagonal filling. The purpose
of creating such a shape of samples was to assess the
possibilities of 3D printing of composite and nanocomposite
filaments as well as to evaluate the mechanical properties
of the obtained prints. Parameters of the printing process
are shown in TABLE 5.

For the selected filaments, test prints of 3D scaffolds
were also made. In order to create a correct scaffold model
consistent with the assumptions, Autodesk Inventor® Pro-
fessional 2017 was used. It is software with professional
tools that enable 3D design of mechanical elements, their
documentation and simulation of products. For the needs
of the work, basic functions of the software were used, i.e.
tools for parametric 3D design. Designs of the scaffolds
serving as the basis for the prints are shown in FIG. 3.
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FIG. 2. Sample design (dog-bone) used for 3D printing.

TABLE 5. Parameters of 3D printing process.

200°C (PLA)

Extruder temperature 220°C (composites)
Platform temperature 30°C
Nozzle diameter 0.3 mm

50 mm/s (PLA)

TG S 20 35 mm/s (composites)

Layer height 0.2 mm
Number of shells 2
Thickness of external
0.6 mm

layers (top and bottom)

Parameters of the sample (dogbone shape)

Sample dimensions 79x10/5x4 mm

Infill hexagonal

Infill density 20%

Characterization of carbon materials
The microstructure characterization of carbon additives
was performed using SEM images (NOVA NanoSEM 200
(FEI™)) were made to measure fiber diameters and lengths
after recycling and to compare them to commercial filament
fibers, as well as to determine the fiber reinforcement effect.
To check PLA matrix reinforcement effect, critical lengths of
the fibers for both SCF_R and SCF_C were calculated. For
this purpose, the formula 1 was used [49]:
_ _Rudy
= T (1)

R, — matrix strength [MPa]

(value given by the producer R, = 130 MPa),

d,, — fiber diameter [um],

T, — shear strength of the matrix (for PLA ~ 20 MPa)

Determination of the critical fiber length, above which
the material strengthens, allowed determining which carbon
fibers fulfil the criterion:

le<1<10 1,
I, — critical fiber length, | — fiber length

)

FIG. 3. Scaffolds designed in the Autodesk Inven-
tor® Professional 2017 program: A) ring, B) linear.

XPS (Scanning XPS Microprobe PHI 5000 VersaProbell)
was used to perform quantitative analysis of the chemical
composition and to determine the types of chemical bonds
occurring between elements on the surface of the tested
carbon materials. The source of X-ray radiation was mono-
chromatic Al Ka. The diameter of the beam was 100 um,
and the analysis surface ¢ 100 um (25 W (4 mA, 15 kV))
at the charge neutralization Ar* -8 eV, e -1 eV. The ana-
lyzer resolution for the reference and detailed spectra was
117 eV and 46,95 eV, respectively.

Characterization of filaments

Having obtained the filaments, their diameters were
measured and a macroscopic evaluation was made.
Microscopic observations using SEM (NOVA NanoSEM 200
(FEI™)) were also performed to analyze the distribution of
carbon phases in the polymer matrix.

Additionally, a static tensile test was carried out (Zwick
1435, Germany). Properties such as tensile strength,
Young’s modulus, relative strain and rupture work were
evaluated. Parallel specimen length and the test speed were
40 mm and 50 mm/min, respectively. The Young’s modulus
determination was measured in the range of 30-50 N.

FTIR (Bruker Tensor 27 FTIR-ATR) was used to check
and determine possible structural changes of the polymer as
a result of several thermal treatments (thermal degradation)
as well as changes caused by the presence of carbon addi-
tives (in particular nanomaterials). The wavelength range was
between 4000 and 500 cm™, and the number of scans was
64. The test in the absorption mode was carried out using
a diamond crystal, by Attenuated Total Reflectance (ATR).

9

w
=S
0] -

0 00000 0000000000000 0000000000000000000 000 "=

Ll



10

DSC/TG measurements were made with the NETZSCH

® oo 000 0 STA449 F3 Jupiter®. The temperature of the test ranged

from 40 to 600°C, while the heating rate was 10 K/min.
In the DSC part graphs of the heat flow versus temperature
were recorded, while in the TG part - the relation between
the percentage loss of mass and temperature.

Characterization of the samples after printing

The printed samples shaped as dog-bones were evalu-
ated macroscopically and compared in various aspects.
To assess the practical obtaining possibilities of the sam-
ples, they were examined for mechanical properties. The
static tensile test was performed in the same way as it was
conducted on filaments (section 2.2.4).

Characterization of three-dimensional scaffolds

Measurements and macroscopic observations were also
run on printed scaffolds. The comparative evaluation of the
actual prints and the digital models was performed via mi-
croscopic observation and dimensional analysis (Keyence
VHX-900F digital microscope). The tested parameter was
the height of the scaffolds, measured on the basis of 3D
images using tools that allow microscopic measurements
attached as microscope software.

Results and Discussion

On the basis of SEM measurements (FIG. 4) it can be
concluded that the manual pressing caused changes in
the length of the fibers. On average, SCF_C lengths are
almost twice as short as the SCF_R ones. In both cases,
a significant length distribution is seen, although the SCF_R
are more homogeneous. Determination of critical lengths
based on the formula 1 led to the conclusion that carbon
fibers obtained from both the commercial filament and the
recycled filament meet the criterion (formula 2) providing
the proper material reinforcement.

XPS measurement results (TABLE 6) determined the
chemical composition on the surface of SCF_C, SCF_R,
MWCNTs-OH and GO. Analysis of chemical states of C1sin
carbon fibers showed their higher contentin SCF_R. SCF_C
were obtained for testing by dissolving the polymer matrix
and could have a polymer on their surface.

TABLE 6. Atomic concentration of elements me-
asured on the surface of the carbon materials.

Sample C [%] 0 [%] N [%]
SCF_C 76.11 22.61 1.06
SCF_R 88.47 7.90 3.61

MWCNTs-OH 97.20 2.76 0.00

GO 66.83 31.26 1.30

Images of the obtained filaments are shown in FIG. 5.
The similarity of PLA/SCF_R to PLA/SCF_C is noticeable.
The average of the filament diameter value PLA/SCF_R
was the closest to the diameter of the commercial filament
(TABLE 7). Relatively low standard deviation shows a high
homogeneity of the diameter along the entire length of the
filament. The worst geometric parameters show PLA/GO.
Its diameter had the lowest value, and the standard deviation
was relatively high, which indicates a heterogeneity along
the length of the filament. This is most likely due to the
lack of sufficient homogenization of the GO in the sample.
Graphene oxide tends to agglomeration and is less wetted
by the polymer than other additives.

25 50 75 100 125 150 175 200
Fiber length (um)

100 150

Fiber length (um)
RN R

HFW 200 pm

k-l a
HV WD | mag | det |spot
18.00 kV[6.9 mm 350 x| LVD| 4.0 | 568 ym

FIG. 4. SEM images (mag. 350x) and histograms:
A) SCF_R, B) SCF_C.

Ir o |

FIG. 5. Images
of fragments
of the obtained
filaments:

A) PLA,

B) PLA/SCF_C,
C) PLA/SCF_R,
D) PLA/GO,

E) PLA/CNT.

TABLE 7. Values of diameters of the obtained and
the commercial filaments.

Filament Diameter * SD [mm]
PLA 1.75 £ 0.05
PLA/SCF_C 1.75 £ 0.05
PLA/SCF_R 1.57 £ 0.06
PLA/GO 1.41+0.12
PLA/CNT 1.54 + 0.09
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SEM images of filaments cross-sections are shown in
FIG 6. The images show that PLA/SCF_C has the best
distribution of the reinforcing phase, and the homogenization
of fibers for PLA/SCF_R is similar. Much worse distribution
of the reinforcing phase is observed in the polymer nano-
composites. On the PLA/GO and PLA/CNT cross-sections
(FIG. 6b and 6d), both the areas with larger agglomerates
of the nanomaterial (black circles), as well as areas without
modifying phase in form of agglomerates (white circles)
are visible.

R, Young’s Modulus
% SD [MPa] +SD [GPa]

PLA/GO
PLA/CNT

HV ‘ WD | mag | det |spot| HFW

10.00 kV[ 6.9 mm [S00 x|LVD| 4.0 | 398 pm

Strain &
* SD [%]

PLA 59.88 + 5.26 292017 2.80+0.43 79.96 + 20.16
PLA/SCF_C | 62.63 +6.59 5.15+0.64 1.71+£0.22 59.52 + 13.61
PLA/SCF_R | 60.30 +6.82 3.60 + 0.81 258 £0.75 75.97 £29.25

52.58 £ 5.98 2.04 £0.30 4.24 £0.92 90.01 £ 35.45
62.00 + 4.65 2.68+0.27 3.14 0.1

The results of mechanical tests are presented in
TABLE 8. Among the obtained composites filaments, PLA/
CNT has the highest tensile strength and this value is
the same as for PLA/SCF_C. In turn, the nanotubes due
to their characteristic structure transfer stresses better
than graphene oxide. PLA/GO shows the lowest tensile
strength and Young’s modulus, which probably results
from poor GO homogenization in the polymer matrix.
On the basis of the obtained results, it can also be concluded
that the production of filament PLA/SCF_R by extrusion
is effective. Its tensile strength
does not differ significantly from
the commercial PLA/SCF_C fila-
ment. Only Young’s modulus is
about 30% lower in comparison
with commercial filament (PLA/
SCF_C). For this reason, a fila-
ment with recycled carbon fibers
can be used to obtain materials
that do not require the transfer of
large forces. One such application
can be scaffolds for tissue regen-
eration, taking into account the
biocompatibility of carbon fibers.

Rupture work
+ SD [N-mm]

7712 £9.26

.

HV WD mag “det | spot HFW - VWOOlm{A—.i |
5.00kV|6.9mm|500x|LVD| 4.0 | 398 pm

HV WD még | det srpiof' HFW - 100 pm —

5.00kV|7.2mm [500x|LVD| 4.0 | 398 pm
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FIG. 8. FTIR spectrum for PLA/SCF_R and PLA after triple extrusion.

FTIR-ATR spectroscopic measurements did not show
the effect of both the temperature during the triple extrusion
and the presence of carbon additives on structural changes
of PLA. Comparative spectra for PLA with PLA after triple
extrusion and PLA after triple extrusion with PLA/SCF_R
are shown in FIGs 7 and 8, respectively. They do not show
significant changes in spectra - characteristic bands occur
at the same wavelengths. The characteristic band at the
1748 cm™ is derived from the stretching vibrations of C=0.
In turn, the bands at the wavenumbers 1181 and 1083 cm’
are the result of the stretching vibrations coming from the
single C-O bond. The subtle bands at 1452 cm, 1380 cm-,
and 1358 cm™ are derived from the bond of C-H.

DSC/TG tests showed an insignifi-
cant impact of the triple extrusion and
the presence of carbon additives on
the characteristic temperatures of PLA
(FIG. 9 and 10). The DSC results for
the PLA and PLA after triple extrusion
show that the thermal processing of
the polymer has an impact on reduc-
ing the degradation temperature about
20°C. From the TG plot for filaments
with carbon fiber PLA/SCF_C and
PLA/SCF_R, it appears that residues
at 600°C were 15.20 and 13.14%,
respectively (FIG. 11). Taking into
account the assumed concentration
of carbon phases (15% w/w), it can
be concluded that the remnants after
the thermal test were carbon fibers.
However, a lower value for recycled
fibers (PLA/SCF_R) may result from
a lower real weight concentration of
the modifier in the polymer. During
the filament manufacturing, some of
the fibers could have been deposited
in the extruder chamber, thereby not
mixing with the polymer.

Photographs of printed dogbone
shape samples are presented in
FIG. 12. The quality of the printed
samples shows that the obtained fila-
ments can be used in a 3D printer. The
sample with the best quality is PLA/
SCF_R (FIG. 12C) - it can be seen
that it does not significantly differ from
the commercial sample (FIG. 12B). 3D
printing of this material was carried out
without major complications (FIG. 13).

The results of the tensile test of
the dogbone shape samples are
shown in TABLE 9. The highest ten-
sile strength was observed for PLA/
CNT. Relative strain and destructive
work are also the highest in this case.
Slightly worse of these parameters,
although the higher Young’s modulus
was observed for PLA/SCF_R sam-
ple. For the nanocomposite PLA/GO,
relatively low mechanical parameters
were noted, which was also found in
the study of PLA/GO filament. This
is another confirmation of the lack of
sufficient homogenization of the GO in
polymers matrix. High relative strain
value indicates that tensile stresses
were mainly transmitted through the
polymer matrix.
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R, *SD Modulus + SD Strain € * SD Rupture work * SD
[MPa] [GPa] [%] [N-mm]

PLA 36.30 + 3.63 1.23+0.12 3.93+0.39 698.94 + 69.90
PLA/SCF_C 39.00 £ 0.57 2.10 £ 0.06 3.17£0.15 648.61 + 24.66
PLA/SCF_R 38.47 £6.21 2.02+0.26 3.04 £0.21 633.75 + 158.96

PLA/GO 31.68 +2.33 1.23 £ 0.07 3.62+0.31 604.74 + 101.19
PLA/CNT 38.98 £ 2.07 1.32+0.08 4.07+0.13 814.54 + 80.01
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FIG. 14. Digital models and printed scaffolds: A) ring model, B) PLA ring scaffold, C) PLA/
SCF_Rring scaffold, D) linear model, E) PLA linear scaffold, F) PLA/SCF_R linear scaffold.
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FIG. 15. 3D images of microstructure of printed scaffolds: A) ring, B) linear.

3D printing of scaffolds

After optimizing the printing process, 3D prints of the
pure PLA scaffolds and composites scaffolds obtained
from PLA/SCF_R filament were made. The choice of this
composite material for printing of the scaffolds resulted from
the analysis of results for all flaments and dogbone shape
samples. Filament PLA/SCF_R was characterized by the
highest quality as well as optimal mechanical parameters.
Also, the PLA/SCF_R dogbone shape samples showed the
most favorable properties. FIG. 14 presents photographs of
3D scaffolds printed from PLA and PLA/SCF_R filaments
with images of digital models of individual designs. The
obtained scaffolds retain their designed shape, however,
greater dimensional stability is shown by the linear structure
than the ring structure. The dimensional analysis made on
digital microscope allowed to obtain 3D images of printed
scaffolds (FIG. 15). The calculations based on digital visuali-
zation show that the real height of the PLA/SCF_R ring and
linear structures is smaller than the assumed by 30% and
17%, respectively (FIG. 16). The lower value of the height
of the printed paths in scaffolds results most probably from
the spreading of the melted polymer bundle of due to the
action of gravity. This effect should be taken into account
when designing further scaffolds.

2000.00

3000.00
3548.35

w500.86
pm
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1000

=E 800

25

-4

C

£0 600
400
200

PLA/SCF_R
ring (pierscieniowy)

688.21033
- 633.38067

FIG. 16. Results of the analysis of topography
changes in PLA/SCF_R scaffolds - average values,
standard deviations and outliers; bar charts show
the expected values in accordance with the project.
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Conclusions

This paper presents the 3D printing process using the
FDM method, starting from the selection of materials,
through the complicated filament production procedure, to its
use in a 3D printer, as well as optimizing the printing process
and obtaining the desired objects. Based on the conducted
experiments, it can be concluded that the whole process is
quite complex, requires knowledge and experience demand-
ing experience without which it is practically impossible to
obtain high-quality materials. Despite numerous difficulties
during filament production and 3D printing, composite print-
ing is possible, and if the filament formation process will be
optimized and the materials will be properly homogenized,
the entire technology of self-generation of composite and
nanocomposite objects with a polymer matrix using the 3D
printing method can be fast and very effective. In addition,
itis highly desirable to use recycled materials, so the method
has both economic and ecological benefits. Moreover,
the possibility of using biodegradable and biocompatible
with the human body materials makes this technology has
potential and can be an alternative in producing prototypes
and forming scaffolds for tissue engineering.
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Abstract

The main challenge of this research was to fun-
ctionalize the surface of poly(L-lactide-co-glycolide)
(PLGA) membranes with amphiphilic poly(2-oxazoline)
(POx) in order to change PLGA chemical state and
properties. Poly(2-oxazolines) are very powerful poly-
mers, which thanks to active pendant groups can be
easily functionalized with biologically active molecules
or peptides. The membranes were prepared by dis-
solving PLGA, POx, and poly(ethylene glycol) (PEG,
1000 Da) in methylene chloride (DCM), followed by
PEG leaching. POx molecules were preferentially
adsorbed at the interface PLGA-POx-PEG thanks
to affinity to both hydrophilic (PEG) and hydrophobic
(PLGA) chains. The properties of the membranes
were characterized with Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy
(SEM) and wettability tests. Cytocompatibility of the
materials in contact with osteoblast-like MG-63 cells
was studied by evaluation of cell viability (Alamar-
Blue test), live/dead and phalloidin/DAPI staining.
The results show that the presence of POx influenced
topography of the PLGA membranes, but did not have
an impact on their wettability. All membranes were fo-
und cytocompatible with model osteoblasts. Presence
of POx resulted in better cell adhesion as shown by
microscopic studies after fluorescence staining for
nuclei and cytoskeleton actin filaments. In summary,
one-step phase separation process between PLGA,
PEG, and POx, dissolved in DCM followed by drying
and PEG leaching resulted in cytocompatible PLGA
membranes with immobilised POx, which might be
considered for guided tissue regeneration technique
in periodontology and in bone tissue engineering.

Keywords: poly(L-lactide-co-glycolide), poly(ethylene
glycol), poly(2-oxazolines), phase separation, Fourier
transform infrared spectroscopy (FTIR), osteoblast-
-like cells, guided tissue regeneration (GTR), bone
tissue engineering

[Engineering of Biomaterials 147 (2018) 16-20]

Introduction

Impaired bone healing is a crucial clinical problem in
orthopedics, oral and maxillofacial surgery, and periodon-
tology. Medical devices enhancing bone repair and healing
should be made of biomaterials with adequate properties,
such as biocompatibility, bioactivity, osteoconduction, and
biodegradation [1,2]. Particularly interesting form of bioma-
terials are membranes, which are widely used in artificial
organs and diagnostic devices. They can be also used in
periodontal applications and act as barriers in guided tissue
regeneration (GTR) to protect bony defects from the invasion
of connective tissue and mucous membrane, and assure
adequate conditions for regeneration of bone tissue [1,3,4].

Poly(L-lactide-co-glycolide) (PLGA) has been often ap-
plied to create scaffolds for bone tissue engineering and
membranes for periodontology [5]. Several strategies have
been used to fabricate PLGA membranes, for example,
porogen leaching, fibers bonding or phase separation [3,6].
A key feature of PLGA is its degradation by hydrolysis.
The final degradation products of PLGA, i.e. lactic and gly-
colic acids are removed by natural metabolic pathways [5].
However, despite being biocompatible, clinical application of
PLGA for bone regeneration and GTR is hampered by poor
osteoconductivity and lack of cell adhesion motifs such as
arginine-glycine-aspartic acid (RGD), which are beneficial
for cell adhesion controlled by interaction with integrins [7].

Poly(2-oxazolines) (Pox) are amphiphilic, non-ionic
polymers, which are synthesised via living cationic polym-
erization [8]. They are biocompatible and have been used
in medical and drug delivery applications. They can be
conjugated with drugs, peptides and proteins, e.g. RGD [9].

A successful approach in biomaterials science is to de-
sign the surface properties of approved materials for specific
medical application. The main challenge in this area is the
development of processing routes allowing for simple and
efficient surface modification of complex shaped geometries.
Thus, our research aimed at surface functionalization of
PLGA membranes via phase separation between PLGA,
water-soluble poly(ethylene glycol) (PEG) and amphiphilic
bifunctional POx [10]. Physicochemical and biological prop-
erties of resulting membranes important from the point of
view of periodontology and bone tissue engineering applica-
tions were analyzed and described in this paper.

Materials and Methods

Materials

The membranes were made from PLGA (85:15, 100 kDa,
d = 1.9, synthesised at Centre of Polymer and Carbon Ma-
terials, Polish Academy of Sciences in Zabrze, Poland) [11].
As a solvent DCM and as a pore former PEG (1000 Da),
both from Sigma-Aldrich, were used. As an amphiphilic
POx molecule poly(2-metyl-2-oxazoline-b-2-butyl-2-oxazo-
ine-b-2-metyl-2-oxazoline) and more specifically methyl-
P[MeOx;;-b-BuOx,s-b-MeOx,¢-piperidine(P2—P2) (Mn =
8 kDa, d = 1.14, synthesized at Technische Universitat
Dresden, Germany) [12] was used.

Manufacturing methods

PLGA and PEG were co-dissolved in DCM at a con-
centration of 10% wt/vol and 1 wt% POx in respect to
PLGA was added. The membranes PLGA-POx were
obtained by solvent casting on glass Petri dishes, fol-
lowed by air drying for 24 h and vacuum drying for 24 h.
Afterwards, PLGA-POx-PEG blends were washed in
purified water for 5 days; water was exchanged every
30 min during day 1 and every 2 h during days from 2 to 5.
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As references PLGA membranes and PLGA foils without
POx were made by dissolving PLGA in DCM at a concen-
tration of 10%, slip casting on Petri dishes, followed by air
drying for 24 h and vacuum drying for 24 h.

Evaluation methods

FTIR in attenuated total reflection mode (ATR) with ZnSe
crystal has been used for the characterization of main ingre-
dients used in membranes preparation, i.e. PLGA, PEG and
POx, as well as obtained PLGA-PEG-POx blend, PLGA-POx
membrane and PLGA foil. FTIR spectra were recorded on
Nicolet iS5-iD5 spectrometer with resolution of 4 cm'.

Water contact angle values were measured on DSA Mk2
(Kriiss, Germany) using ultra-high purity water (UHQ-water,
Pure-Lab, UK) droplets of 0.20 pl. Droplets were deposited
on the surfaces at room temperature, and theirimages were
recorded using a video camera and analyzed using an image
analysis system (DSA software). The results were expressed
as the average and standard deviation (S.D.) of 10 droplets
deposited on the surface of the samples.

Microstructure of the samples was assessed with scan-
ning electron microscopy (SEM, Nova Nano SEM 200, USA,
secondary electron mode).

Cytocompatibility tests were performed on osteoblast-
like MG-63 cells. Prior to the experiment, the samples were
placed in the wells of 24-well plates, incubated in 70%
ethanol for 10 min, then the samples were transferred to
48-well plates and left under the laminar hood and UV lamp
overnight for sterilization. 8x10® cells suspended 1 ml cell
culture medium (EMEM, ATTC, USA) supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin, 0.1%
amino acids and sodium pyruvate (PAA, Germany) were
poured on the samples and cells were cultured at 37°C under
a humidified atmosphere with 5.0% CO, for 24 and 72 h.

Cell viability was evaluated using AlamarBlue reagent
(In Vitro Toxicology Assay Kit, resazurin based, Sigma-
Aldrich) and live/dead staining using 1 ml of PBS sup-
plemented with 1 pl (1 mg/ml) of calcein AM (Sigma) and
1 pl (1 mg/ml) of propidium iodide (Sigma). The cells were
also stained for phalloidin/DAPI to visualize actin fibers and
nuclei, respectively. The samples were washed twice in
PBS and observed under a fluorescence microscope (Zeiss
Axiovert 40, Carl Zeiss, Germany). Statistical analysis was
performed using a one-way analysis of variance (one-way
ANOVA). Significant differences were assumed at *p < 0.05.
The results were presented as mean = S.D.

Results and Discussion

FIG. 1 shows FTIR-ATR spectra of main ingredients:
PLGA, PEG 1000 and POx. In PLGA spectrum a strong band
at 1746 cm™'is present, which can be assigned to stretching
vibration of carbonyl groups. There are also bands between
1300 and 1150 cm~' originating from asymmetric and sym-
metric C-C(=0)-O stretching vibrations [3,13].

In the spectrum of PEG characteristic bands are visible: at
3400 cm~"due to stretching vibrations of water molecules, at
around 2880 cm~" and in the range of 1450—1240 cm~" due
to stretching and deformational vibrations of hydrocarbon
in CH, groups, respectively. Moreover, bands in the range
of 1000—-1200 cm™" are attributed to stretching vibrations of
CO and COC groups. At lower wavenumbers in the range
of 840-940 cm~"bands assigned to bending vibrations of
hydrocarbon groups in CH, are observed [3,14].

In the spectrum of POx there are bands at 1130 cm™
and 1621 cm™". The band in the range 1700-1600 cm™ is
characteristic for poly(2-oxazolines) and is due to stretching
vibrations of C=0 and C-N groups [15].

FIG. 1. FTIR-ATR spectra
of main ingredients: PLGA,
PEG 1000, and POx.

FIG. 2. FTIR-ATR spectra of
PLGA foil (Foil), PLGA-POXx
membrane (Membrane),
and PLGA-POx-PEG blend
(Blend). In the insert respec-
tive spectra in the range of
1400-1690 cm™' are shown

for better visualization of
differences.
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As it is shown in FIG. 2 PLGA-POx-PEG blend contains
all peaks characteristic for all ingredients: at 1746 cm™
for PLGA, at around 2880 cm™' for PEG, and at around
1620 cm" for poly(2-oxazolines). The membrane contains
all bands characteristic for PLGA foil (strong band at
1746 cm™, due to stretching vibration of carbonyl groups and
bands between 1300 and 1150 cm~ from asymmetric and
symmetric C-C(=0)-O stretching vibrations) [9]. The peaks
of medium intensity at 2950 and 1370 cm™ are attributed
to C-H stretching and bending modes in PLGA structure,
respectively. Moreover, a weak and wide band at around
1620 cm™" from C=0 and C-N stretching vibrations, which is
characteristic for poly(2-oxazoline) structure is visible [15].
This band is not observed in the spectrum PLGA foil, what
is an indirect proof that POx is immobilized on the surface
of the membranes.

The results of wettability of PLGA membrane, PLGA
membrane modified with POx and PLGA foil, both lower
and upper surfaces, i.e. being in contact with glass and air
during preparation are shown in FIG. 3. It is apparent that
all analysed materials are hydrophilic with the water contact
angle of about 70°. No significant differences were found
between all studied materials.
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SEM results (FIG. 4) show that the air-
cured (M_up, M_POx_up) and glass-cured
(M_down, M_POx_down) surfaces of the
membranes have different microstructure.
Air-cured surfaces are smoother and non-
porous, while glass-cured are porous. Thus,
asymmetric membranes were obtained.
Interestingly, the presence of POx in the
membrane resulted in reduction in roughness
on the air-cured surface and reduction in pore
size and pore number on the glass-cured
surface. PLGA foil was the smoothest among
all studied materials.

To verify if PLGA membranes produced
were compatible with cells in vitro, viability and
morphology of MG-63 osteoblast-like cells
were studied. The cells were cultured on both
surfaces of two membranes: with and without
POx and reference PLGA foil for 24 and 72 h
(FIG. 5). The viability of the cells cultured for
24 h on all the membranes was the same or
higher as compared to cell viability on control
foil. The viability of the cells cultured for 72 h
on all the membranes was significantly higher
as compared to control foil. This suggests that
the PLGA membranes are cytocompatible

N w > [3)] » ~
1 1 1 1 1 N )

Resazurin reduction [%]

-
1

o

[ after 24h
B after 72h

* p<0.05 according to

# p<0.05 according to
Foil, 72 h

#
l #
*
M_up

#
* Foil, 24 h
* <—I

M_down M_POx_up M_POx_down

Foil

FIG. 5. MG-63 cell viability measured by resazsurin reduction for
PLGA membrane (M), PLGA membrane modified with POx (M_POx),
and PLGA foil (Foil); up / down — surfaces in contact with air / glass
during preparation. Statistical significance according to ANOVA at

with model osteoblasts and that presence of | p< 0.05.
POx does not have a negative impact on cells.
A, M _up M_down M_POx_up M_POx_down Foil

24h

72h

24h

72h

FIG. 6. Morphology of MG-63 cells cultured on PLGA membranes (M), membranes modified with POx (M_POx),

and foil; up / down — surfaces in contact with air / glass during preparation. Cells stained live/dead (A) and for

phalloidin/DAPI (B). Scale bar = 100 pm.
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Microscopic observations of MG-63 cells after live/dead

® e o o o @ o staining show that all cells on 24 h and 72 h of culture were

stained green, i.e. were alive; no dead cells i.e. stained red
were found (FIG. 6 A). Cells were homogenously distrib-
uted and their morphology was similar to that on PLGA foil.
The number of adhering cells after 72 h looked higher on
the membranes modified with POx.

Cells cultured on all membranes were better spread
and had better developed actin fibres as compared to cells
cultured on foils for 24 h (FIG. 6 B). After 72 h cells cultured
on membranes with POx showed the most flattened mor-
phology with intensively stained cytoskeleton.

Conclusions

In this study, we developed a method of manufacturing of
porous asymmetric PLGA membranes modified with POx.
The membranes were obtained by phase separation and
preferential adsorption of POx molecules at the interface
PLGA-POx-PEG followed by PEG leaching. Surface modi-
fication of PLGA with POx was confirmed by FTIR-ATR, by
the presence of a band at about 1620 cm, attributed to C=0O
and C-N stretching vibrations from poly(2-oxazolines), which
was not found in the spectra of PLGA nor PEG.

Addition of POx influenced topography of the mem-
branes, by decreasing average pore size on the glass-cured
surface of the membrane and decreasing surface roughness
of the air-cured surface of the membranes. Interestingly, the
addition of POx did not influence membranes’ wettability.

All membranes were found cytocompatible with osteo-
blast-like cells. Presence of POx resulted in better cell ad-
hesion as shown by microscopic studies after fluorescence
staining for nuclei and cytoskeleton actin fibers.

To sum up, one-step phase separation process between
PLGA, POx, and PEG, dissolved in DCM followed by drying
and PEG leaching resulted in cytocompatible, asymmetric
PLGA membranes, which might be considered for guided
tissue regeneration technique in periodontology and in bone
tissue engineering.
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Abstract

Artykut jest kolejng czescig prezentujgcg wyniki
badan mechanicznych wielofunkcyjnych resor-
bowalnych ptytek zespalajgcych. Testy dotyczyty
wyznaczenia wytrzymatosci zmeczeniowej ptytek ze-
spalajgcych w warunkach symulujgcych rzeczywiste
warunki pracy. OkreSlenie tego parametru, zwtaszcza
w elementach poddawanych obcigzeniom zmiennym
w czasie, jest bardzo wazne ze wzgledu na mozliwosc
wystgpienia w materiale zmian strukturalnych np.:
umocnienia odksztatceniowego czy rozwoju defektow
prowadzgcych do zniszczenia elementu. Materiaty
kompozytowe o osnowie polimerowej modyfikowane
czgstkami ceramicznymi sg stosunkowo czute na tego
typu obcigzenia.

Kolejnym aspektem, ktéry musi by¢ uwzgledniony
przy opisie i charakterystyce mechanicznej przed-
miotowych implantéw jest srodowisko, w jakim sie
one docelowo znajdg. Temperatura, pH oraz sktad
chemiczny to czynniki bezposrednio wptywajgce na
Sposob i tempo degradacji polimeru resorbowalnego.
Degradacja z kolei wptywa na charakterystyki wytrzy-
matoS$ciowe ostabiajgc materiaft.

W prezentowanych badaniach zastosowano mo-
delowe zespolenie, w ktorym role odtamoéw kostnych
petnity specjalnie przygotowane bloczki z PMMA, do
ktérych za pomocg Srub metalowych przymocowa-
na byta testowana pfytka. Tak przygotowany uktad
mocowano w maszynie zmeczeniowej i poddawano
cyklicznemu rozcigganiu. Zastosowano dwa warianty
badania: pierwsze, gdzie modelowe zespolenie obcig-
zano ,na sucho” bez obecnosci ptynéw symulujgcych
Srodowisko biologiczne; i drugi, gdzie modelowe
zespolenie umieszczano w zamknietym zbiorniku,
wypetnionym ptynem symulujgcym Srodowisko bio-
logiczne. Jako medium zastosowano ptyn Ringera
podgrzewany do temperatury ~37°C.

Na podstawie otrzymanych wynikéw stwierdzono,
ze ptytki badane ,na sucho”, cechowaty sie inng cha-
rakterystyka niz ptytki wystawione na oddziatywanie
symulowanego $rodowiska biologicznego.

Stowa kluczowe: ptytka zespalajgca, implant wie-
lofunkcyjny, symulowane $rodowisko biologiczne,

wytrzymato$¢ zmeczeniowa, czas zycia

[Inzynieria Biomateriatow 147 (2018) 21-30

The article is part of a series of publications
presenting the results of mechanical tests of multi-
functional resorbable fixation plates. Tests were con-
ducted on prototype plates in conditions simulating
natural biological environment. The examinations
were meant to assess the so-called “implant working
time” or fatigue strength of the fixation plates. This
parameter is particularly important in the case of
elements subjected to time-varying loads due to the
possibility of alterations to the material structure, stra-
in strengthening or development of defects leading
to the implant failure.

Composite materials consisting in a polymer matrix
modified with ceramic particles are quite sensitive
to variable loads. Moreover, the complex geometry
of the tested plates makes them more vulnerable to
destruction with the critical cross-sections located at
the fixing holes. Another key aspect is the biological
environment where the implants will perform their
functions. The temperature, pH and chemical compo-
sition are factors directly affecting the way and rate of
degradation of the resorbable polymer. Degradation
affects the strength characteristics, obviously weake-
ning the material.

The tests were performed on a model composed of
PMMA blocks playing the role of bones with the tested
plate attached with metal screws. The model was
mounted in a fatigue machine and subjected to cyclic
stretching. Two variants of the examinations were
performed. Firstly, the model was tested in “dry” condi-
tions; secondly - in a closed container filled with fluids
simulating the biological environment (the Ringer’s
solution heated to ~37°C used as the medium).

The results revealed that the plates tested in “dry”
conditions were endowed with different characteristics
as compared to the plates exposed to the simulated
biological environment.

Keywords: fixation plate, osteosynthesis, multifunctio-
nal implant, simulated biological environment, fatigue
strength, working time

[Engineering of Biomaterials 147 (2018) 21-30]
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Wprowadzenie

Zastosowanie konwencjonalnej ptytki w zespoleniu
odfamow kostnych ma na celu zblizenie ich do siebie oraz
stabilne unieruchomienie [1-3]. Dazy sie do odtworzenia
ciggtosci ztamanej kosci oraz przywrécenia jej funkciji.
Opracowany resorbowalny implant jest nowatorski ze wzgle-
du na swojg wielofunkcyjnos¢ i biodegradowalnosc¢ [3-7].
Jego idea zaktada nie tylko trwatg mechaniczng stabilizacje
zespolenia, ale réwniez kontrolowane, zwiekszajgce sie
w czasie przenoszenie obcigzen mechanicznych z implantu
na odbudowujgca sie tkanke kostng. Jednoczesnie, wraz
z degradacjg osnowy polimerowej, majg sie uwalniaé
z implantu nanoczastki ceramiczne poprawiajgce i przy-
spieszajgce naturalne procesy kosciotworcze [3,4]. Pro-
cesy degradaciji, jakim podlegajg w organizmie polimery
resorbowalne, sg Scisle zwigzane m.in. z oddziatywaniem
ptynéw ustrojowych oraz podwyzszong temperaturg [3-6].
Dodatkowo, w zaleznosci od lokalizacji leczonego miejsca,
ptytka moze by¢ poddana r6znym stanom naprezeniowo-
-odksztatceniowym [7,11-14].

W celu zbadania jednoczesnego wptywu zmiennych
obcigzen oraz srodowiska biologicznego na czas zycia
implantu, przeprowadzono badania zmeczeniowe mode-
lowego zespolenia przy uzyciu ptytek typu | wykonanych
z polimeru resorbowalnego PLA oraz kompozytu PLA mo-
dyfikowanego bioceramicznymi proszkami TCP i HAp. Testy
prowadzono w warunkach symulujgcych warunki pracy
implantu (sktad chemiczny, pH, temperatura). Zastosowano
schemat cyklicznego jednoosiowego rozciggania w obecno-
$ci ogrzanego ptynu symulujgcego srodowisko biologiczne.

Materiaty i metody

Plytki zespalajgce

Do wytworzenia ptytek zespalajgcych uzyto opracowane
wczesniej kompozyty [15] skladajgce sie z polimerowej
matrycy modyfikowanej czgstkami bioceramicznymi. Wy-
korzystano amorficzny polimer resorbowalny poli(L-laktyd)
(PLA Ingeo 3251D, Nature Works LLC USA), do ktérego
wprowadzono odpowiednig ilo$¢ (nieprzekraczajgcg su-
marycznie 8% wag.) mikrometrycznego proszku fosforanu
tréjwapnia B-TCP (Chema Elektromet) oraz nanometryczne-
go hydroksyapatytu HAp (Chema Elektromet). Oba proszki
posiadaty dopuszczenie do zastosowan medycznych.
Wieksze udziaty objeto$ciowe dodatkéow powodowaty za-
tykanie sie dyszy wtryskarki zatrzymujgc proces wtrysku.

Prototypy implantéw wytworzono przy pomocy wtryskarki
pionowej Multiplas V4-S-15N wyposazonej w $Slimakowy
uktad uplastyczniajgco-homogenizujgcy. Granulat poli-
merowy wraz z dodatkami bioceramicznymi zasypano do
pojemnika wtryskarki. Po ogrzaniu wsadu do temp. 160°C
homogenizowano go poprzez mieszanie Slimakiem wiry-
skarki. Tak przygotowany materiat wtryskiwano do formy.
Dane technologiczne zamieszczono w TABELI 1.

Introduction

A conventional plate is used to bring together and immo-
bilize bone fragments in case of bone fractures. Its function
is to recreate the continuity of the broken bone and restore
its function [1-3]. The developed resorbable implant is in-
novative due to its multifunctionality and biodegradability
[3-7]. The concept assumes not only permanent mechanical
stabilization but also controlled and gradually increasing
transmission of mechanical loads from the implant to the re-
constructing bone tissue. Simultaneously, while the polymer
matrix is degrading, ceramic nanoparticles which improve
and accelerate natural osteogenic processes are being
released from the implant [3,4]. Implanted resorbable poly-
mers undergo degradation processes due to the influence
of body fluids and elevated temperature [3-6]. Additionally,
the fixation plate is subjected to various stress-strain loads
depending on the location of the fracture [7,11-14].

Fatigue tests of the model were performed to assess the
combined effect of variable loads and the biological environ-
ment on the implant’s working time. A few types of plates
were designed for the examinations. The type | plate was
based on resorbable PLA and PLA modified with bioceramic
TCP and HAp powders. The tests were performed in condi-
tions simulating the implant’s working conditions (chemical
composition, pH, temperature). A cyclic uniaxial stretching
diagram was used in the presence of heated fluid simulating
the biological environment.

Materials and Methods

Fixation plates

The previously developed composites [15] consisting of a
polymer matrix modified with bioceramic particles were used
to make the fixation plates. An amorphous poly (L-lactide)
resorbable polymer (PLA Ingeo 3251D, Nature Works LLC
USA) was enriched with an appropriate amount (not more
than 8wt%) of the B-TCP tricalcium phosphate powder
(Chema Elektromet) and HAp nanoparticle hydroxyapatite
powder (Chema Elektromet). Higher content of powders
makes injection moulding process impossible due to injec-
tion nozzle clogging. Both powders were approved for medi-
cal use. Implant prototypes were created using a Multiplas
V4-S-15N vertical injection moulder equipped with a screw
plasticizing-homogenizing system. Technological data is
provided in TABLE 1.

The four-hole plates characterized by the length of 29 mm,
width 7 mm, thickness 2 mm, bore diameter 3 mm and the
conical socket for the fastening screw head were prepared
for the tests from the following materials: the reference
samples were pure polymer plates, i.e. polylactide (PLA)
while the composite samples were based on PLA and bioce-
ramic additives - TCP and HAp (PLA/TCP/HAp). Polymer
granulate combined with bioceramic modifiers was applied
to the heating chamber of the injection moulding machine.

TABELA 1. Parametry technologiczne otrzymywania (wtrysku) czterootworowych mini ptytek I.
TABLE 1. Technological parameters of injection moulding process of the four-hole I-shaped plates fabrication.

Temperatura / Temperature [°C]

Strefa Strefa 2 Strefa 3
Zone 1 Zone 2 Zone 3

160 165 168

Materiat

Material

PLA

Cisnienie
Pressure*
[kg/cm?]

80

Czas chiodzenia
Cooling time

[s]
10

Przeptyw Czas wirysku

Flow Injection time
[%] [s]

60 5

165 170 175

PLA/TCP/HAp

80

60 5 15

* cisnienie w hydraulicznym sitowniku $limakowo-ttokowym wtryskarki

* the pressure in the hydraulic system of injection molding machine (perpetual screw)
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Ptytka typu N
N-type plate
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b)
B—B 3:1
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d

Piytka typu R
R-type plate

©0 09

RYS. 1. Prototypowa plytka i jej przekroj poprzeczny: a) typ N — zeberko wzmacniajgce na dolnej powierzchni;

b) typ R — zeberko wzmacniajgce na goérnej powierzchni.

FIG. 1. Two types of prototypes of the plate and their cross-section: a) N-type with strengthening rib on the
bottom side; b) R-type with strengthening rib on the upper side.

Do badan przygotowano ptytki czterootworowe o ksztat-
cie litery | (dt. 29 mm, szer. 7 mm, gr. 2 mm, $rednica otworu
3 mm, stozkowe gniazdo pod teb $ruby mocujacej) z na-
stepujgcych materiatow: probki odniesienia stanowity ptytki
z czystego polimeru tj. polilaktydu (PLA); probki kompozyto-
we bazowaty na osnowie z PLA oraz dodatkach bioceramicz-
nych tj: TCP i HAp (PLA/TCP/HAp). Poniewaz nie istniejg
wytyczne dotyczgce projektowania ksztattu kompozytowych
ptytek zespalajgcych, zaadoptowano i odpowiednio zmo-
dyfikowano geometrie czterootworowej plytki zespalajgcej
wykonanej ze stali 316L (postepowanie jest przedmiotem
zgtoszenia patentowego). Przygotowany projekt ptytki
uwzgledniat zastosowanie tzw. zeberka wzmacniajgcego.
Miato ono na celu poprawienie charakterystyk mechanicz-
nych i redukcje przekroju, a zlokalizowanie go na dolnej
stronie ptytki zmniejszy¢ powierzchnie jej kontaktu z ko$cig,
czynigc oddziatywanie mniej inwazyjnym. Aby zweryfikowaé
przyjete zatozenia projektowe z kazdego rodzaju materiatu
wykonano dwa warianty geometryczne réznigce sie mie-
dzy sobg potozeniem zeberka wzmacniajgcego (RYS. 1).
Zastosowano nastepujgce oznaczenia: ptytka | typu N po-
siadata zeberko wzmacniajgce po stronie mocowania do
odtamu kostnego (RYS. 1a), natomiast w ptytce | typu R
po stronie przeciwnej (RYS. 1b).

Badania zmeczeniowe

W celu wyznaczenia wytrzymatosci zmeczeniowej im-
plantéw przeprowadzono badania cyklicznego rozciggania
zgodne z normg PN-EN ISO 527-1:2012 [16]. Aby uzyskac¢
dane potrzebne do zaprojektowania testéw zmeczeniowych,
konieczne byto wyznaczenie charakterystyk wytrzyma-
tosciowych ptytek w prébie statycznego jednoosiowego
rozciggania. Przeprowadzono je
zgodnie z normg PN-EN ISO 527-
1:2012. Badania zrealizowano
na maszynie wytrzymatosciowej
Zwick 1435, sprzezonej z opro-
gramowaniem TextExpet v8.1.
Predkos¢ przesuwu trawersy usta-
lono na 20 mm/min. Na podstawie

It was heated up to 160°C and homogenized with rotating
screw. After homogenisation material was injected into the
mold.

There are no designing guidelines for composite plates
for osteosynthesis. That is why standard directions for de-
signing the metal four-holes plate were adapted and modi-
fied (patent pending). The design of the four-hole composite
plate included so called strengthening rib. It was designed for
increasing the mechanical properties of the plate, reducing
its dimensions and also, when strengthening rib is located
on the bottom part of the plate the contact surface between
bone and plate is smaller. To verify design assumptions
two types of fixation plates were made from each type of
the material, differing in the position of the reinforcing rib
(FIG. 1). The following markings were used: the N-shaped
plate had a reinforcing rib on the bottom side (FIG. 1a),
whereas in the R-shaped plate on the upper side (FIG. 1b).

Fatigue strength tests

In order to determine the fatigue strength of the implants,
cyclic extension tests were carried out in accordance with
the PN-EN ISO 527-1: 2012 standard [16]. To obtain the
data needed to design fatigue tests, it was necessary to
determine the strength characteristics of the plates in the
static uniaxial stretching test. These were performed in
accordance with the PN-EN ISO 527-1: 2012 standard.
The research was carried out on a Zwick 1435 test-
ing machine, coupled with the TextExpet v8.1 software.
The traverse speed was set at 20 mm/min. On the basis of
the obtained results, the following values were determined:
strain at maximum force ¢.,,, tensile strength R, and
Young's modulus E (TABLE 2).

TABELA 2. Zestawienie wynikow préoby statycznego jednoosiowego rozcigga-
nia. Plytki mocowano do bloczkéw z PMMA momentem dokrecajagcym wyno-
szacym: My, = 60% M.,

TABLE 2. Uniaxial tensile test results. Plates were fixed to the PMMA blocks
with suitable tightening torque: M, = 60% M,,.,.

kanveh wynikéw okreslonos Wielko$¢ Plytka / Plate
uzyskanych wynikéw okreslono: Parameter PLA PLA/TCP/HAP
odksztatcenie przy maksymalnej = . :
sile €,,,,, Wytrzymato$é na rozcia- Wytrzymato$¢ na rozcigganie N |4583+1.62 | 4551+22
ganie R, oraz modut Younga E Tensile strength R, [MPa] R | 38.53+1.64 | 47.74 +3.03
(TABELA 2). Modut Younga N | 6.28 +0.36 6.21 £ 0.54
Young's Modulus E [GPa] R| 6.16+069 | 5.98+0.63
Wydtuzenie przy max. sile N | 1.53 +0.05 1.58 + 0.23
Maximal elongation &, [mm] R 1.3+0.18 1.39+0.4
__
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TABELA 3. Wartosci amplitudy cyklicznego rozciggania probek przyjete w testach zmeczeniowych.
TABLE 3. Cyclic deformation values used in fatigue tensile tests.

rozciggania odniesiona do €.,

Wartos¢ odksztatcenia (amplitudy) zastosowanego w testach cyklicznego

Cyclic deformation values (amplitude) used in fatigue tensile tests €q.,

PLA PLA/TCP/HAp

50% | 40% | 30% | 50% | 40% | 30%

Wartos$¢ odksztatcenia (amplitudy)

Cyclic deformation values (amplitude)
used in fatigue tensile tests [mm]

zastosowanego w testach cyklicznego rozciggania [mm]

N | 077 | 0.61 | 0.46 | 0.79 | 0.63 | 0.47

R | 065|052 | 039 | 0.70 | 0.68 | 0.42

Wytrzymatosé zmeczeniowa
,nha sucho”

Testy te miaty na celu zbadanie wptywu
na przygotowane ptytki cyklicznie zmien-
nych naprezen rozciggajgcych. Wartosci
R, oraz gq,,, stanowity dane wyjscio-
we, na podstawie ktérych wyznaczono
amplitude odksztatcen zastosowanych
w badaniach zmeczeniowych. Przyjeto, ze
ich wartosci wyniosg kolejno: 50%, 40%
i 30% odksztatcenia przy maksymalne; sile.
Wartosci liczbowe wyrazone w milimetrach
zamieszczono w TABELI 3.

Modelowe zespolenie czyli ptytki przy-
krecone do bloczkow PMMA odpowiednim
momentem dokrecajgcym mocowano
w uchwytach stanowiska do badan cyklicz-
nego rozciggania (RYS. 2). Zastosowano
czestotliwos¢ rozciggania wynoszacg 700
cykli na minute. Badanie trwato przez
dziesie¢ tysiecy cykli lub do momentu
stwierdzenia pierwszych oznak zniszczenia
w postaci najmniejszych obserwowalnych
gotym okiem peknie¢ lub do zerwania ptytki.

Wytrzymatos¢é zmeczeniowa
w symulowanych warunkach
biologicznych

W celu zbadania jednoczesnego wptywu zmiennych
obcigzen oraz srodowiska biologicznego na czas zycia
implantu, przeprowadzono badania zmeczeniowe modelo-
wego zespolenia w warunkach cyklicznego jednoosiowe-
go rozciggania w obecnosci podgrzanego ptynu Ringera
(Baxter USA) symulujgcego warunki pracy implantu (skfad
chemiczny, pH, temperatura).

Do testow przygotowano specjalne stanowisko. Maszy-
ne do badan zmeczeniowych doposazono w zamykang
szczelng komore, pozwalajgcg na badanie modelowego
zespolenia zanurzonego w sztucznym ptynie fizjologicznym
(RYS. 3). Uktad zawierat réwniez grzatke z kontrolerem
temperatury oraz dodatkowy zintegrowany zbiornik z pompg
topatkowg. Badania prowadzono w temperaturze zblizonej
do temperatury ciata ludzkiego (~37°C) a wymuszony obieg
medium (ciggty przeptyw) zapewniat rbwnomierny jej rozktad
w catej objetosci ptynu.

Testy przeprowadzono zgodnie z obowigzujgcg normg
PN-EN ISO 527-1: 2012. Czestotliwo$¢ zmiennego ob-
cigzenia realizowana na stanowisku wynosita 700 cykli na
minute. Dla kazdego rodzaju probek ustawiono liczbe cykli
na poziomie 10000 oraz amplitude wynoszgca kolejno: 50%,
40% i 30% odksztatcenia przy maksymalnej sile. Testy prze-
rywano w chwili stwierdzenia pierwszych oznak zniszczenia
w postaci najmniejszych obserwowalnych gotym okiem
peknie¢ lub w momencie przerwania ciggtosci ptytki. Nie
sporzgdzono wykreséw Wohlera oraz nie wykonano obliczen
statystycznych ze wzgledu na testowy charakter badan.

RYS. 2. a) Stanowisko do badan zmeczeniowych; b) Sposéb mo-
cowania modelowego zespolenia za pomoca kompozytowej ptytki
czterootworowe;j.

FIG. 2. a) Test stand for dynamic fatigue test; b) Fixation and orientation
of the composite plate.

Fatigue tensile strength tests in “dry” conditions

The tests were aimed at investigating the influence of
cyclically variable tensile stresses on the plates. The values
of R, and &, were the output data serving as the basis for
the strain amplitude used in fatigue tests. It was assumed
that their values would be: 50%, 40% and 30% strain at
maximum force. Numerical values expressed in millimeters
are shown in TABLE 3.

The model of bone fixation, i.e. the plates bolted to
the PMMA blocks with a suitable tightening torque, were
mounted in the holders of the test stand for cyclic stretching
(FIG. 2). A stretching frequency of 700 cycles per minute
was applied. The test lasted for 10,000 cycles or until the
first signs of damage were observed as the smallest crack
visible to the naked eye or to breaking the plate.

Fatigue tensile strength in a simulated biological
environment

In order to investigate the simultaneous effect of variable
loads and the biological environment on the implant’s work-
ing time, fatigue tests were performed on a special test stand.
The model was exposed to cyclic uniaxial stretching in the
presence of heated Ringer’s solution (Baxter USA) simulat-
ing the implant’s working conditions (chemical composition,
pH, temperature). The fatigue testing machine was equipped
with a sealed chamber, allowing for the examination of the
model immersed in an artificial physiological fluid (FIG. 3).
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RYS. 3. a) Stanowisko do badan zmeczeniowych
w symulowanym srodowisku biologicznym.
Widoczny specjalnie skonstruowany zbiornik na
sztuczne plyny fizjologiczne; b) Widok modelo-
wego zespolenia za pomoca ptytki PLA/HAp/TCP.
FIG. 3. a) Test stand for dynamic fatigue test in
biological simulated conditions with special tank/
reservoir for heated Ringer solution; b) Model of
simulated osteosynthesis used in tests.

Wyniki i dyskusja

Wytrzymatosé zmeczeniowa ,,na sucho”

Zaplanowano badanie prébek w trakcie 10000 cykli przy
zastosowaniu trzech zakreséw odksztatcenia 50%, 40%
i 30% Ermax- Stwierdzono, ze przy zastosowaniu amplitudy
50% €rmay (Ok. 0,7 mm) probki z czystego polimeru PLA
(zaréwno typu N jak i R) ulegaty zniszczeniu juz po ok. 1500
cyklach, a ich destrukcja byta catkowita (RYS. 4a). Wyraznie
widoczne byty promieniste pekniecia propagujgce w kie-
runkach prostopadtych do siebie (RYS. 4b). Probki pekaty
w sposoéb nagty, a charakter pekania byt kruchy. Pojawiaja-
ce sie pekniecia natychmiast propagowaty i dochodzito do
zerwania ptytki. Z tego powodu niemozliwe byto okreslenie
momentu (ilosci cykli), w ktérym pekniecia sie pojawiaty.
Po zmniejszeniu amplitudy do 40% €., (0k. 0,55 mm)
stwierdzono poprawe w zachowaniu sie probki. Przetrwata
zaplanowany program 10000 cykli, jednakze po zdjeciu jej
z uchwytéw mocujgcych, w okolicy obu otworéw (blizszego
i dalszego), ujawniono zainicjowane pekniecia, za$ na dru-
gim koncu ptytki, w okolicy dalszego otworu, stwierdzono
pekniecie catkowite (RYS. 4c). Po zmniejszeniu amplitudy
rozciggania do 30% &gy (Ok. 0,4 mm)i przeprowadzeniu
10.000 cykli nie stwierdzono oznak zniszczenia prébek
wykonanych z czystego PLA. W TABELI 4 oraz na RYS. 5
przedstawiono zebrane wyniki.

RYS. 4. Przyktady zniszczonych plytek z PLA po
testach cyklicznego jednoosiowego rozciggania
przy 50% i 40% &¢,ay-

FIG. 4. Examples of destroyed PLA plates after
dynamic uniaxial fatigue tests with 50% and 40%
of Ermax-

The designed system also included a heater with a tempera-
ture controller and an additional integrated tank with a vane
pump. The tests were carried out at a temperature close to
the temperature of the human body (~37°C) and the forced
circulation of the medium (continuous flow) ensured its even
distribution in the entire volume of liquid. The tests were
carried out in accordance with the PN-EN ISO 527-1: 2012
standard. The frequency of variable load was 700 cycles per
minute. The number of cycles was 10,000 and the amplitude
of 50%, 40% and 30% strain at maximum force were set for
each type of sample. The tests were terminated when the
first signs of damage occurred, i.e. the smallest cracks were
observable by the naked eye or when the continuity of the
plate was interrupted. Woéhler charts were not prepared and
no statistical calculations were made due to the test nature
of the investigation.

Results and Discussion

Fatigue tensile strength in ,,dry” conditions

Sample testing was planned during 10,000 cycles using
three strain ranges of 50%, 40% and 30% &, It was found
the amplitude of 50% €., (@bout 0.7 mm) caused the failure
of the pure PLA sample (both N and R type) after about
1500 cycles and their destruction was complete (FIG. 4a).
Prominent cracks propagating in directions perpendicular
to each other were clearly visible (FIG. 4b). The sample
cracked suddenly and the nature of the cracking was brit-
tle. The cracks immediately propagated and the plate was
ruptured, that is why it was not possible to determine the
moment when the cracks appeared (an exact number of
cycles). Having reduced the amplitude to 40% &, (about
0.55 mm), the sample survived the planned 10,000 cycles.

TABELA 4. Wyniki proby cyklicznego rozciggania ,,na sucho”.
TABLE 4. Number of cycles for various values of cyclic deformation “dry” fatigue tensile tests.

Rodzaje plytek / Plate types

PLA PLA/TCP/HAp
Wielkos¢ cyklicznego odksztatcenia, amplituda €,
Cyclic deformation values (amplitude) used in fatigue tensile | 50% 40% 30% 50% 40% 30%
tests €rmax
~10.000
Liczba cykli, przy ktorych N ~1500 | Spekania |[>10.000| ~1700 ~3500 [>10.000
nastgpito zniszczenie ptytki Cracks
Number of cycles for sample ~10.000
destruction R ~1000 | Spekania [>10.000| ~3200 | ~4000 |>10.000
Cracks
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m Ptytka typu N / Type N plate m Ptytka typu R / Type R plate

PLA

Liczba cykli
Number of cycles

. [ e

30% 40% 50%¢
Fmax

Liczba cykli
Number of cycles

m Pytka typu N / Type N plate m Ptytka typu R / Type R plate

PLA/TCP/HAp

4000
3000
2000
1000

0

30% 40% 50% ¢
Fmax

RYS. 5. Zestawienie wytrzymalosci zmeczeniowej plytek czterootworowych ,,na sucho” przy réznych wartos-

ciach amplitudy.

FIG. 5. Comparison of fatigue strength for after “dry” testing of four-holes plate with various cyclic deformation

values (amplitude).

Analogiczny zestaw testow zastosowano podczas ba-
dania prébek z kompozytu PLA/TCP/HAp. Stwierdzono
znacznie wiekszg wytrzymatosc¢ ptytek wykonanych z tego
materiatu w poréwnaniu z ptytkami z czystego PLA. Przy
zastosowaniu amplitudy o wartosci 50% €., (0k. 0,75 mm)
po 3500 cykli stwierdzono pojawienie sie jednego peknigcia
w okolicy otworu blizszego, jednak nie doszto do rozerwania
ptytki (RYS. 6a). Po obnizeniu wartos$ci zadanego odksztat-
cenia do 40% &g, (0k. 0,65 mm) po ok. 4000 cykli rowniez
stwierdzono pojawienie sie pojedynczego pekniecia, jednak
i w tym przypadku spojnos¢ ptytki nie zostata naruszona
(RYS. 6b,c).

Po zmniejszeniu wartosci odksztatcenia do 30% &g,
i przeprowadzeniu 10000 cykli nie stwierdzono oznak
zniszczenia probek wykonanych z PLA/TCP/HAp (RYS. 7).

Z uzyskanych wynikébw mozna wnioskowac, ze wpro-
wadzenie do osnowy z PLA modyfikatorow w postaci
proszkéw TCP i HAp zmienito charakterystyki mechaniczne
implantow. Zwiekszyt sie zakres odksztatcen sprezystych.
Z drugiej zas strony, podczas analizy procesu pekania ptytek
kompozytowych PLA/TCP/HAp stwierdzono niejednorodne
rozmieszczenie czgstek w osnowie oraz obecnos¢ aglo-
meratow proszku (RYS. 8). Mozna zatem przypuszczac,
ze mogly one stanowi¢ koncentratory naprezen, a takze
zmniejszaty efektywny — przenoszgcy naprezenia — przekroj
prébki (RYS. 9) i to wtasnie byto prawdopodobng przyczyng
inicjowania pekniec.

RYS. 6. Przyktady zniszczo-
nych plytek z PLA/TCP/HAp
po testach cyklicznego jed-
noosiowego rozciggania przy
50% i 40% &g pax-

FIG. 6. Examples of destroyed
PLA/TCP/HAp plates after dy-
namic uniaxial fatigue tests
with 50% and 40% of &;,,,-

However, after removing it from the mounting brackets, the
initiated cracks were revealed near both holes (proximal and
distal) and the total fracture was found at the other end of
the plate (FIG. 4c). With the stretching amplitude reduced
t0 30% €¢may (@bout 0.4 mm), the samples made of pure PLA
showed no sign of destruction after 10,000 cycles. TABLE 4
and FIG. 5 show the collected results.

The same set of tests was used for the composite PLA/
TCP/HAp samples. In comparison to the pure PLA plates,
they revealed significantly higher strength values. With the
amplitude of 50% &, (@bout 0.75 mm), one crack appeared
in the vicinity of the proximal hole after 3,500 cycles but the
plate did not break (FIG. 6a). Having reduced the amplitude
t0 40% €. (@bout 0.65 mm), a single crack was also found
after about 4,000 cycles, yet the integrity of the plate was not
affected (FIG. 6b, c). After further reduction of the deforma-
tion rate (to 30% €rn.y), NO signs of destruction of the PLA/
TCP/HAp samples were found after 10,000 cycles (FIG. 7).

The obtained results lead to the conclusion that intro-
ducing modifiers, such as TCP and HAp powders, into the
PLA matrix has changed the mechanical characteristics
of the implants. The range of elastic deformations has
increased. On the other hand, the analysis of the cracking
process of the composite PLA/TCP/HAp plates revealed the
inhomogeneous distribution of particles in the matrix and
the presence of powder agglomerates (FIG. 8). Therefore,
one can assume that the agglomerates might have acted
as stress concentrators and they also reduced the sample
cross-section responsible for transferring the loads (FIG. 9),
which was the likely cause of crack initiation.
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deformation rate.

30% €0

RYS. 7. Przyktadowe probki PLA/TCP/HAp po testach zmeczeniowych
z réznymi wartosciami odksztatcenia. Brak oznak zniszczenia dla
ptytek badanych przy odksztatceniu rownym 30% ¢€;,,,-

FIG. 7. Examples of destroyed PLA/TCP/HAp plates after dynamic
uniaxial fatigue tests with various deformation rate. No signs of
destruction were found in plates tested with the 30% ¢, of the

Lens: 720:X100}

RYS. 9. Widok przetomu prébki
typu N po zniszczeniu. Strzatkami
zaznaczono aglomeraty proszkéow
bioceramicznych (x100).

FIG. 9. Cross-section of the N-type
plate. Arrows show TCP/HAp po-
wder agglomerates (x100).

5 7 [9)

RYS. 8. Widoczne gotym okiem aglomeraty proszku TCP/HAp w okolicy otworu mocujacego plytki.

Powiekszenie: a) x30, b) x50, c) x200.

FIG. 8. TCP/HAp powder agglomerates visible in the surrounding material of the plate’s fixing hole.

Magnification: a) x30, b) x50, c) x200).

Wytrzymatosé zmeczeniowa w symulowanych
warunkach biologicznych

Celem badan byto sprawdzenie jaki jest wptyw symulo-
wanego Srodowiska biologicznego na czas zycia implantéw
podczas testow zmeczeniowych. Nie sporzgdzono wykre-
séw Wohlera oraz nie wykonano obliczen statystycznych
— badania testowe. Ze wzgledu na wielofunkcyjny cha-
rakter implantéw, do badah w symulowanych warunkach
biologicznych wybrano ptytki kompozytowe PLA/TCP/HAp.
W pierwszej kolejnosci testom poddano plytki typu R, po-
niewaz z testow ,na sucho” wynikato, ze cechujg sie one
wiekszg wytrzymatoscig zmeczeniowg niz ptytki typu N.
Poczatkowo zastosowana amplituda cyklicznych odksztat-
cen wynosita 50% odksztatcenia maksymalnego, co stano-
wito ok. 0,7 mm. Po umieszczeniu modelowego zespolenia
w uchwytach maszyny zmeczeniowej i zalaniu ptynem Ringe-
ra niemal natychmiast po uruchomieniu testu dochodzito do
catkowitego zerwania probek. Obnizenie wielkosci amplitudy
do 40% odksztatcenia maksymalnego (ok. 0,47 mm) popra-
wito sytuacje, jednak wszystkie ptytki ulegty zniszczeniu przy
niewielkiej liczbie cykli nieprzekraczajgcej pieciuset. Lepsze
wyniki uzyskano po zmniejszeniu amplitudy do 30% &gy,
(ok. 0,42 mm), niemniej zadna prébka nie przetrwata 10000
cykli. Przy takiej wartosci przeprowadzono réwniez testy
ptytek typu N. Wyniki testéw zamieszczono w TABELI 5.

Fatigue strength under simulated biological
conditions

The fatigue tests were performed to assess the effects
of the simulated biological environment on the working
time of implants. Wohler charts were not prepared and no
statistical calculations were made. Due to the multifunctional
character of implants, the PLA/TCP/HAp composite plates
were selected for testing in simulated biological conditions.
The R-type plates were tested first as the initial “dry” tests
indicated their higher fatigue strength in comparison to the
N-type plates. The applied amplitude of cyclic deformations
was 50% of the maximum deformation, which was about
0.7 mm. After placing the model in the machine and flooding
with Ringer fluid, the samples got destroyed immediately
after the test started. Reducing the amplitude to 40% of the
maximum deformation (about 0.47 mm) improved the situa-
tion, but all the plates were destroyed within a small number
of cycles - not exceeding 500. Better results were obtained
at the amplitude of 30% &g.., (@bout 0.42 mm), however,
no sample survived 10,000 cycles. At the 30% value, the
N-type plates were also tested. The results of the tests are
presented in TABLE 5.
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Poréwnujgc uzyskane wyniki (TABELA 5, RYS.10)

® o o @ o o o Zwynikami badan zmeczeniowych ,na sucho” (TABELA 4,

RYS. 4) mozna zauwazy¢, ze symulacja warunkéw pracy
ma znaczacy wptyw na wytrzymato$¢ zmeczeniowg ptytek
kompozytowych.

Analizujgc sposob niszczenia ptytek kompozytowych
stwierdzono, ze pojawiajgce sie pekniecia przebiegaty
przede wszystkim w miejscach krytycznego przekroju
(otworow), oraz wystepowaty w roznych kierunkach, nawet
wzdtuz podtuznej osi probki. Pierwsze pekniecia najczes-
ciej pojawiaty sie po mniej niz 1000 cykli i prawie zawsze
lokalizowaty sie w okolicach dalszego otworu (mierzac od
srodka na dtugosci ptytki), propagujac na otwory blizsze.
W przypadku ptytek typu N pekniecie niszczace naj-
czesciej przebiegato poprzecznie przez jeden z otworéw
blizszych $rodka ptytki (RYS. 11). Z kolei pekniecia ptytek
R przebiegaty gtéwnie wzdtuz osi dtugiej ptytki (RYS. 12).

The comparison of the obtained results (TABLE 5,
FIG. 10) to the “dry” fatigue tests (TABLE 4, FIG. 4) proves
that the working conditions significantly affect the fatigue
strength of composite plates.

The analysis of the destroyed composite plates revealed
that the cracks occurred mainly at the critical cross-section
(holes), in various directions, even along the longitudinal
axis of the sample. The first cracks most often appeared
after less than 1,000 cycles and almost always they were
located near the further hole (measured from the middle
of the length of the plate), propagating to proximal holes.
In the case of N-type plates, the destructive fracture usu-
ally ran transversely through one of the holes closer to
the centre of the plate (FIG. 11). In turn, cracks in the R
plates ran mainly along the long axis of the plate (FIG. 12).

TABELA 5. Wyniki préby cyklicznego rozciggania w symulowanym srodowisku biologicznym.
TABLE 5. Results of the cyclic tensile strength tests in the simulated biological environment.

Ptytka / Plate
PLA/TCP/HAp

Wielkos¢ odksztatcenia - Amplituda &g,
Cyclic deformation values (amplitude) used in fatiguer tensile tests € 50% 40% 30%
Liczba cykli do pierwszego pekniecia N == == ~250
First crack cycle number R — ~250 ~850
Liczba cykli przy ktérych nastgpito zniszczenie ptytki N - - ~2000
Number of cycles for sample destruction R — ~400 ~5500

11000
10000

8000
7000
6000
5000
4000
3000
2000
1000

0

Liczba cykli
Number of cycles

W Ptytka typu N / Type N plate m Ptytka typu R / Type R plate

9000 PLA/TCP/HAP

RYS. 10. Zestawienie wytrzymatosci
zmeczeniowej plytek czterootworowych
w testach symulujacych srodowisko
biologiczne.

FIG. 10. Comparison of fatigue strength of
four-holes plate after testing in biological
simulated conditions.

RYS. 11. Przyktadowe pekniecia kompozytowych
plytek | typu N (PLA/TCP/HAp).

FIG. 11. Cracking nature of exemplary N-type
plates (PLA/TCP/HAp).

RYS. 12. Przykladowe peknigcia kompozytowych
ptytek | typu R (PLA/TCP/HAp).

FIG. 12. Cracking nature of exemplary R-type
plates (PLA/TCP/HAp).
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Taki przebieg linii peknie¢ moze by¢ zwigzany z geometrig
ptytek tj. lokalizacjg zeberka wzmacniajgcego. Ono moze
powodowac zmiany w rozktadzie naprezen, poniewaz
pole przekroju krytycznego w obu przypadkach jest inne
(RYS. 13). Wskazanie przyczyny takiego zachowania sie
ptytek wymaga przeprowadzenia dalszych badan ukierun-
kowanych na szczegotowa analize naprezeniowo-odksztat-
ceniowg w obszarach otworéw mocujacych.

Podsumowanie

Prezentowany artykut przedstawia wyniki wstepnych
badan przeprowadzonych na ograniczonej liczbie prébek.
Z tego powodu nie zamieszczono analiz statystycznych
i odchylen standardowych wyznaczanych parametréw.
Dlatego zawarte informacje powinny by¢ traktowane jako
opis pierwszych spostrzezen, ktére pojawity sie podczas
testéw mechanicznych symulujgcych warunki pracy implan-
téw. Przeprowadzone badania zmeczeniowe, a zwtaszcza te
ktére odwzorowywaty warunki pracy implantéw pokazaty, ze
Srodowisko biologiczne ma znaczacy wptyw na zachowanie
sie i charakterystyki implantow. Testowane ptytki do zespo-
len kostnych wykonane z kompozytu PLA/TCP/HAp badane
,na sucho” byty w stanie pracowac przez krétki czas nawet
przy obcigzeniach siegajgcych 50% &g, PO umieszczeniu
ich w symulowanym srodowisku biologicznym byty w stanie
pracowac¢ bezpiecznie, przetrwa¢ bez zniszczenia 10000
cykli, ale przy amplitudzie zredukowanej do 30% €¢,..,. Anali-
zujgc wptyw ogrzanego sztucznego ptynu fizjologicznego na
badane prébki stwierdzono, ze nie dochodzito do termicz-
nego uplastycznienia ptytek, gdyz ich uszkodzenia miaty
zawsze charakter kruchego peknigcia. Zatem temperatura
37°C, w jakiej prowadzono testy symulacyjne (temperatura
ptynu) jest zbyt niska, aby zapoczgtkowac jakiekolwiek
zmiany strukturalne.

Podczas obserwacji i analizy przetomoéw zniszczonych
ptytek stwierdzono, ze bardzo czesto miejscem inicjacji
uszkodzen byty widoczne makroskopowo aglomeraty
proszku TCP/HAp, ktére mogty byé punktami koncentracji
naprezen. W zwigzku z tym wnioskuje sie, aby podczas
procesu wytwarzania metodg wtrysku ktas¢ duzy nacisk na
odpowiednig homogenizacje wsadu. Dzieki temu uzyskana
wypraska powinna posiada¢ bardziej jednorodng strukture,
a rownomierny rozktad czastek bedzie utrudniat rozcho-
dzenie sie peknigc¢, zwigkszajgc tym samym wytrzymatosé
implantu oraz odpornos¢ na zniszczenie zmeczeniowe.

Kolejnym spostrzezeniem jest to, ze geometria ptytki,
a doktadniej umiejscowienie zeberka wzmacniajgcego, ma
duzy wplyw na wytrzymato$¢ zmeczeniowg oraz przebieg
linii pekania. Ptytka typu R cechowata sie trzykrotnie wyzszg
trwatoscig niz ptytka typu N. Co ciekawe, podobnej zalez-
nosci nie stwierdzono podczas préb statycznego jednoosio-
wego rozciggania (poprzedzajgcej badania zmeczeniowe),
gdzie dla obu wariantéw geometrycznych ptytek (N i R)
uzyskano zblizone wartosci parametréw mechanicznych.

RYS. 13. Przekroje kry-
tyczne:

a) plytka typu N;

b) ptytka typu R (x50).
FIG. 13. Critical cross-
-section of plates:

a) N-type;

b) R-type (x50).

Such a line of cracks can be associated with the geometry of
the plates, i.e. the location of the reinforcing rib. The rib may
alter the stress distribution, as the critical cross-sectional
area is different in both cases (FIG. 13). To discover and to
describe the behaviour of the plates under cyclic stretching,
specially cracks propagation, additional analyses focused
on stress and deformation characteristics in conical holes
surroundings, need to be conducted.

Conclusions

The article presents preliminary research thus the number
of samples was limited. The results do not include statisti-
cal analysis and standard deviations thus they should be
treated as the first remarks. The conducted fatigue tensile
strength tests, especially those mimicking the working condi-
tions of the implants, proved that the biological environment
significantly affects the behaviour and characteristics of
the implants. The PLA/TCP/HAp composite plates tested
in “dry” conditions were able to work for a short time even
atloads up to 50% &¢,,... However, when placed in the simu-
lated biological environment only the amplitude reduced to
30% €rmax guaranteed proper functioning and the samples
survived 10,000 cycles without destruction. Analyzing the
effect of heated artificial physiological fluid on the tested
samples, it was found that no thermal plasticizing of the
plates took place — the fracture was always a brittle one.
The conclusion is that the temperature of 37°C is too low to
initiate any structural changes.

During the observation and analysis of the fractures of
damaged plates, it was found that very often the cracks
occurred due to the macroscopically visible powder ag-
glomerates of TCP/HAp which could be the points of strain
concentration. Therefore, it is crucial to place a high em-
phasis on adequate homogenization of the material during
the injection moulding process to ensure that the obtained
plates are perfectly homogeneous structures. An even dis-
tribution of particles will hinder the propagation of cracks,
thereby increasing the strength of the implant and resistance
to fatigue failure.

Another observation is that the geometry of the plate, and
more precisely the location of the reinforcing rib, has a large
impact on fatigue strength and the direction of the crack.
The R plate fatigue resistance was three times longer than
the N-type plate. Interestingly, a similar relationship was
not found during static uniaxial stretching tests (preceding
fatigue tests), where both geometric variants of the plates
(N and R) revealed similar mechanical parameters.
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Przeprowadzone testy udowodnity, ze symulowane
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majg znaczgcy wptyw na zmiany ich charakterystyk me-
chanicznych, a zwtaszcza odpornosci na dziatanie obcigzen
cyklicznie zmiennych w czasie. Wynika z tego, ze kazdy
prototypowy implant powinien by¢ badany w taki sposéb, aby
schemat badan laboratoryjnych w jak najwiekszym stopniu
odwzorowywat rzeczywiste warunki pracy. Dopiero po prze-
prowadzeniu takich testéw, weryfikacji i analizie wynikow
mozna zdecydowac¢ czy implant spetnia warunki projektowe.
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