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ARTICLE INFO ABSTRACT

Keywords: A novel, bone-reconstruction dedicated polymeric-nanohydroxyapatite material has been prepared for 3D-
POIY(L'laCﬁde'C"‘]_J:L'laCtidE) printed implant. The composites of poly(L-lactide-co-D,L-lactide) (PLDLLA) and nanosized hydroxyapatite
E?nohydro'xyapame were prepared by a co-rotating twin-screw extrusion. Structural properties of the filler and polymeric blends
iocomposite

were characterized by XRD (X-ray Powder Diffraction), SEM (Scanning Electron Microscopy), and EDS mapping
(energy dispersive spectroscopy), FT-IR (Fourier-transformed infrared spectroscopy), and NMR (Nuclear Mag-
netic Resonance) technics. Molar masses of the composites at various preparation steps were also investigated.
The structural studies and thermogravimetric analysis proved a successful preparation of the nanohydroxyapatite
and its nanocomposites. Mechanical results in conjunction with density values, reported as close to human bone,
evidenced usability of this novel material for internal bone fixation implant. Contact angle analysis showed
favored growth of tissue on the biocomposite containing 10 wt% of the filler. The PLDLLA-based composite can
be an excellent candidate for bone reconstruction implants due to their superior mechanical properties, bioac-

Co-rotating twin-screw extrusion
Bone-fixation material

tivity, and complete resorbability.

1. Introduction

In the field of orthopedics and bone surgery, commercially available
bioresorbable solutions are based on polymers and co-polymers of lactic
acid, ethane-1,2-diol (ethyl glycol), or chitosan (poly-(D)-glucosamine)
[1-4]. Polylactides are of particular interest due to their bio-
resorbability, ease of processing, and shaping by a number of industrial
methods, as well as mechanical strength. Poly(lactic acid) may be
formed as two different stereoisomers: left poly(L-lactic) acid (PLLA)
and right poly(D-lactic) acid (PDLA) [5-8]. The PLLA has been used
since the early 1990s as “the first generation” bioresorbable material
[9]. However, the PLLA is resistant to hydrolysis; thus, its complete
resorption in in vitro tests does not occur within the first two years of
implementation due to its crystallinity and hydrophobicity [10,11].
Such behavior may cause medical problems including inflammatory or
late-degradation tissue responses [12-14]. To overcome these issues,
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“the second generation” materials have been designed, namely co-
polymers of PLLA and PDLA, whose properties and degradation rate
vary with the composition.

The physicochemical and mechanical properties of these co-
polymers can be further tailored by the addition of bioactive inorganic
fillers [15,16]. Their introduction enables achieving desired kinetics of
degradation, resorption, and mechanical strength of a polymeric matrix
[17]. Nanosized synthetic hydroxyapatite (nHAp) is an example of such
a filler. The nHAp crystals are similar to the natural structure of bone-
building apatite in composition, size, and morphology. Hence, it is
widely employed for hard tissue repair in orthopedic surgery and
dentistry [18]. Apatite-like compounds crystallize in the hexagonal
crystal structure. The calcium hydroxyapatite molecule is made up of ten
calcium atoms, six phosphate groups, and two hydroxyl groups, giving a
molecule with the summarized formula Ca;9(PO4)¢(OH), [19-21].

Many reports on bioactive/resorbable composites of hydroxyapatite
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filler and PLLA matrix can be found [9,22-25]. These formulations are
reported as the “third generation materials”. It has been proved that in
the early stage of bone tissue growth, the composites containing more
than 5% w/w of hydroxyapatite exhibit higher absorption of protein
surface. Such materials may be applied in bone grafting, including
maxillofacial surgery, as they possess sufficient mechanical potential
and bioactive, osteoconductive/bioresorbable characteristics [9].
However, it should be noted that the PLLA used until now to produce
such implants fully disintegrates within the human body after 4 years,
while most hydroxyapatite particles are replaced by bone after 5.5 years
[9]. This long-term resorption causes complications related to signifi-
cant inflammatory and late-degradation tissue responses and discomfort
when using an implant under fragile skin (e.g., near the facial skin
areas), due to an increase in implant volume caused by overbuilding
fibrous tissue. In this case, the “next-generation material” has been
developed and characterized in our laboratory. The co-polymer of L-
lactide and DL-lactide (PLDLLA) was used together with nanosized hy-
droxyapatite to engineer bioresorption rate/speed and tailor mechanical
strength and bioactivity. To the best of our knowledge, different PLLA-
based formulations have been widely studied and utilized in medical
applications [25]. However, such a composition has not been reported
yet.

Apart from in-depth study on implant composition upon design
stage, it is also essential to consider its surface in terms of microbial
colonization [26]. Site infections are a major cause of post-surgical
complications such as extended hospitalization, deterioration in recov-
ery, or even implantation failure [26]. Among the most reported
implant-infecting bacteria are Gram-positive and Gram-negative spe-
cies. However, most infections are caused by Staphylococcus aureus and
Staphylococcus epidermidis. Less frequent are Streptococcus spp. and
Enterococcus spp. and Gram-negative species, like Pseudomonas aerugi-
nosa, Escherichia coli, and Klebsiella pneumoniae [27]. Initially, bacterial
cells reversibly adhere to the implant surface, and after some time, the
adhesion becomes irreversible, finally leading to the formation of
mature biofilm [26]. Biofilm is hard to eradicate because the antibiotic
susceptibility to bacteria is decreased. Hence, it is crucial to determine
the tendency of the material surface to be settled by specific species of
bacteria and prevent it from a bacterial infection especially in the early
stages of the medical treatment by providing aseptic conditions during
all procedures.

In the presented work, the characterization of physicochemical
properties and mechanical behavior of the PLDLLA-based compositions
modified with nanosized hydroxyapatite as a filler as well as bacterial
adhesion to the material surface was discussed. Large-scale industrial
processing methods were employed to enable manufacturing of this
innovative material. The Authors have also applied for the patent in the
Patent Office of the Republic of Poland to secure the innovative,
resorbable compositions for medical applications [P.437485].

2. Experimental
2.1. Materials

A commercial PLDLLA (Purasorb, L-lactide/DL-lactide copolymer,
ratio: 80/20) was kindly supplied by Syntplant sp. z 0.0. (Poland). The
nanohydroxyapatite was synthesized in the Institute of Low Tempera-
ture and Structure Research of the Polish Academy of Science, as
detailed below. The nanofiller was used to prepare PLDLLA-based
composites with wt.% ratio: 10/90 and 20/80 herein: 10-nHAP/PLDLLA
and 20-nHAp/PLDLLA, respectively.

2.2. Bacterial strains
Microbial adhesion was tested using a broad panel of bacterial

strains: Gram-positive Staphylococcus aureus ATCC 6538, Staphylococcus
epidermidis ATCC 14990, Enterococcus faecalis ATCC 29212,
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Enterococcus faecium ATCC 6057, and Gram-negative Pseudomonas aer-
uginosa ATCC 27853, Escherichia coli ATCC 35218 and Klebsiella pneu-
moniae ATCC 700603. Tested strains have been collected from the
Department of Mycology and Genetics, University of Wroclaw and
Department of Pathogen Biology and Immunology, University of
Wroclaw.

2.3. Methods

2.3.1. Synthesis of hydroxyapatite nanopowder (nHAp)

Nanocrystalline hexagonal hydroxyapatite Ca;o(PO4)(OH)2 was
prepared by a wet chemical precipitation process at T = 90 °C for 1.5 h.
Analytical grades of Ca(NOs)2-4H20 (99.0% Alfa Aesar) and (NHy4)
HyPO4 (>99.0% Fluka) have been used. The stoichiometric number of
starting materials was separately dissolved in deionized water. Sub-
strates were mixed, and the pH was adjusted to 10 with NH3-H20 (99%
Avantor Poland). The obtained powder was washed with deionized
water several times and dried at 80 °C for 24 h. A well-crystallized
product was obtained by heat-treating at 450 °C for 3 h, with an
increasing step of 1.3 °C/min.

2.3.2. Preparation of nHAp/PLDLLA compositions

Commercial PLDLLA (Purasorb PLDL 8058, L-lactide/DL-lactide
copolymer, ratio: 80/20) was kindly supplied by Syntplant sp. z o.o.
(Poland). The PLDLLA with an inherent viscosity of 5.8 dl/g, melting
temperature of 130 °C, and melt flow rate of 0.7 g/10 min (210 °C; 2.16
kg) was provided in a form of whitish pellet. All materials were dried
under vacuum at 50 °C for 24 h, before processing. PLDLLA pellets were
mixed with nHAp in a rotary mixer Retsch GM 200 for 3 min at a
rotation speed of 2000 rpm. Homogenizing the premixed materials with
different nHAp contents (0-20 wt%) was ensured by molten state
extrusion with a Zamak co-rotating twin-screw extruder operated at
210 °C and 60 rpm. The extruded rod was cooled in air and pelletized.
nHAp/PLDLLA composites containing 10 and 20 wt% of nHAp were
prepared. The composites were compression-molded with a Remi-Plast
press at a temperature of 210 °C for 3 min, without any pressure
applied to complete melting. After this period, a load of about 200 bar
was applied for 5 min; then, the samples were air-cooled to room tem-
perature. The square-shaped plates with a dimension of 120x120x1 mm
were obtained and cut to get standardized dimension samples for me-
chanical analysis.

2.3.3. Characterization of nHAp and nHAp/PLDLLA composites

Powder X-ray diffraction pattern was detected by using a PANalytical
X'Pert Pro X-ray diffractometer equipped with Ni-filtered Cu Kol radi-
ation (Kal = 1.54060 /o\, U=40kV,I=30mA) in arange of 26 from 5 to
80°. The experimental data were juxtaposed with the Inorganic Crystal
Structure Database (ICSD) theoretical pattern and analyzed.

FT-IR spectra were evaluated by Nicolet iS10 FT-IR Spectrometer
equipped with an Automated Beamsplitter exchange system (iS50 ABX
containing DLaTGS KBr detector), Built-in all-reflective diamond ATR
module (iS50 ATR), Thermo Scientific Polaris™ and HeNe laser as an IR
radiation source. The spectra were detected in the range of 400-4000
em™! with a frequency resolution of 4 cm™!. The nHAp powder was
mixed with optically inactive KBr to prepare a pellet. FT-IR spectra of
the nHAp/PLDLLA compositions were collected by the ATR module.

The surface morphology of the 10-nHAp/PLDLLA composition
sample was observed by scanning electron microscope equipped with
energy dispersive spectroscopy FEI Nova NanoSEM 230 equipped with
EDS spectrometer (EDAX PegasusXM4) at an acceleration voltage of 18
kV and spot 3.0. Before observations, a layer of gold was sprayed uni-
formly over the samples.

The molar masses were determined by gel permeation chromatog-
raphy (GPC) technique using a multiangle light scattering detector (A =
690 nm) DAWN EOS (Wyatt Technologies) and a refractive index de-
tector Dn-2010 RI from WGE Dr Bures. The analysis was performed in
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THF (Tetrahydrofuran) at 35 °C and with a set of columns: guard, PSS
100 A, PSS 500 A, PSS 1000 A, PSS 100000 A (Polymer Standard Ser-
vice) using polystyrene standards. The dispersity indexes (D) were
calculated according to Equation (1):

D=
My

(€Y

where D is a dispersity index, Myy is a weight-average molar weight, and
My is a number average molecular weight.

'H NMR experiments were recorded on a Bruker AvanceTM 600
MHz. Measurements were made in CHCl3 at 298 K.

TGA analyses were performed in the temperature range between 30
and 800 °C, at a heating rate of 10 °C min~!, under a nitrogen atmo-
sphere using a Netzsch TG 209 F1 apparatus. The instrument was
temperature-calibrated by analyzing six high purity standards (indium,
tin, bismuth, zinc, aluminum, and silver). The balance calibrates auto-
matically with an inbuilt calibration set. Samples of approx. 10 mg were
placed in ceramic pans. The decomposition onset temperature T, was
determined at the intersection of tangents to two branches of the ther-
mogravimetric curve [28]. The residual mass mgr was evaluated to
validate the amount of nanofiller in the composites. Each measurement
was preceded by an empty pan run, subtracted from each thermogram to
correct from instrumental drift.

The static tensile analysis was carried out by a single-axis extension
using a Zwick Roell 10 kN (Germany). The crosshead speed was 1 mm
min~! for Young’s modulus analysis and 10 mm min ! in the range of
plastic deformation. Following ISO 527-1, Young’s modulus (Ep), tensile
strength (op,), and elongation at break (ep) were determined [29]. Ten
specimens were tested in each case to ensure measurement
reproducibility.

A Zwick Roell 10 kN testing machine, equipped with a rounded
bending head and a table with two supports, was utilized to carry out the
three-point bending tests. The measurements were carried out per ISO
178 at 23 °C and 50 % humidity [30]. The preload of 0.1 MPa was
applied. A crosshead speed of 1 mm min~' was set to determine the
bending modulus, while the bending strength and deflection arrow were
recorded at 10 mm min~'. Ten specimens were tested in each case to
ensure measurement reproducibility.

Brinell hardness tests were carried out with a Brinell hardness tester
KB Prufttechnik Gmbh, model KB150R, as per PN-EN ISO 2039-1:2004
[31]. During the tests, an intender ball with a diameter of 5 mm and 358
N test force were applied. There were tested ten specimens in each case
to ensure measurement reproducibility.

The density measurement was determined by the hydrostatic method
according to the PN-EN ISO 1183-1 standard [32]. Weighing of the
sample in the air was followed by weighting in an immersion liquid
being ethyl alcohol. There were tested ten samples in each case to ensure
measurement reproducibility. The density was calculated according to
Equation (2):

m

p=——"py @

me — m,,
where

p — sample density [g/cm®],

my, — sample mass in the air [g],

m, - sample mass in an immersion liquid [g],
pei - immersion liquid density [g cm™3].

The measurements were carried out at a temperature of 23 °C on a
laboratory balance with an accuracy of 0.0001 g, equipped with a hy-
drostatic adapter to determine the solids’ and liquids’ density.

The contact angle (CA) measurements of compression molded sheets
were performed using Theta Lite optical tensiometer (Biolin Scientific,
Helsinki, Finland) operating in the sessile drop mode. The contact angle
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was measured by releasing a 2 pL drop of liquid by an automated
dispenser controlled by One Attension software. Water and diiodo-
methane were used as polar and dispersive liquids, respectively. At least
seven drops of each liquid were put on the material’s surface, and the
average values were calculated. The CA values were used to calculate
the surface free energy according to Owens, Wendt, Rabel, and Kaelble
(OWRK) approach as per Equation (3) [33]:

(1+cos6,)y, = 2<\/y;’7 + \/;/,7> 3)

where s is the SFE of a solid, y is the surface tension of the probe liquid
(water or diiodomethane), while p and d mean dispersive and polar
components, respectively.

2.4. Bacterial adhesion

PLDLLA-based materials were cut into even 1 cm pieces, transferred
to a 24-well plate, and sterilized with UV for 20 min. All bacterial strains
were incubated overnight on TSA plates (Tripticasein Soy Broth) (Bio-
maxima, Lublin, Poland) solidified with 2% of Bacteriological LAB-
AGAR (Biomaxima, Lublin, Poland) at 37 °C, suspended in the saline
to 0.5 McFarland (DENSIMAT, BioMérieux, Marcy-l’Etoile, France) and
10x diluted in TSB medium (Tripticasein Soy Broth) (Biomaxima,
Lublin, Poland). 1 ml of bacterial suspensions were transferred to the
wells. The plate was incubated with agitation (125 RPM) for 24 h at
37 °C. Then, the materials were extracted, rinsed twice with the saline,
transferred into clean wells, and incubated 20 min with the fluorescent
kit: SYTO 9 (Aexc = 488 nm), propidium iodide (Aexc = 543 nm) (each at
the concentration of 1 pL/mL) (LIVE/DEAD™ Bac-Light™ Bacterial
Viability Kit, for microscopy, Invitrogen™, Thermo Fisher Scientific;
Waltham, MA USA). The observation was performed in a confocal mi-
croscope with 2x digital magnification (Olympus IX83 Fluoview FV
1200 (Tokyo, Japan), magnification 20x). As a control, clean samples
(without bacteria) were observed as well.

3. Results and discussion

The nanohydroxyapatite and nHAp/PLDLLA compositions were
characterized by X-ray diffraction, and the results are shown in Fig. 1.
The diffraction pattern of nHAp corresponds to the theoretical one
associated with hexagonal hydroxyapatite structure (ICSD-26204). No
additional phases were observed. Therefore, the applied synthesis
method led to the development of the crystal phase purity of nHAp. The
most intense peaks are located at 26.0, 31.9, 32.2, 33.0, 34.2, 39.9, 46.8,
49.6°. The X-ray diffraction pattern corresponding to the 10-nHAp/
PLDLLA and 20-nHAP/PLDLLA compositions does not contain peaks
related to the crystalline phase of polylactide as they are usually local-
ized at 16.51° and 18.93° [34]. In the range of small 2theta angles, the
high background is associated with the amorphous structure of poly-
lactide. The presence of lines associated with hydroxyapatite structure
in the composites confirms that hydroxyapatite structure is resistant to
the extrusion process, independently on wt.% in composition. The po-
sition of the respective diffraction lines of nHAp remained unchanged in
the compositions.

The Fourier-transformed infrared spectra present the vibrational
bands related to the hydroxyapatite and polylactide structures (see
Fig. 2). The bands correlated with polylactide are marked with the black
dotted lines. In contrast, the orange ones indicate vibrations associated
with the hydroxyapatite structure. In the spectra of hydroxyapatite itself
and nHAp/PLDLLA compositions, the typical vibrational bands related
to the hydroxyapatite structure were found. The triply degenerated
antisymmetric stretching modes v3(PO,%) of the phosphate groups are
detected at 1043 cm™! and 1095 cm L. The two lines ascribed to the
v4(PO4%) triply degenerated vibrations are located at 566 cm ™! and 602
em ™. At the 962 cm ! lines assigned to the symmetric stretching modes
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Fig. 1. X-ray diffraction pattern of nanohydroxyapatite as well as nHAp/PLDLLA compositions.

Transmitance (%)

nHAp
——PLDLLA
—— 10-nHAp/PLDLLA

1747 -- - === == - - - - -

—— 20-nHAp/PLDLLA g3
——— T T e T
4000 3500 3000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Fig. 2. The FT-IR spectra of nanoapatites, PLDLLA as well as nHAp/PLDLLA composition.

v1(POS%), the phosphate groups are observed. The two vibrational
modes of OH™ groups are scanned at 635 cm ™' and 3574 cm ™! related to
the bending and stretching modes, respectively. The existence of those
two modes confirms the presence of hydroxyl groups in nanocrystal
structure.

In the spectra of pure polylactide and nHAp/PLDLLA composites, the
vibrational modes related to polyester material are detected. The most
intense peak at 1747 em™! is associated with —C=0 stretching vibra-
tion. The 2915 and 2848 cm™! peaks were described as the active
stretching and banding vibrations of the —CH; and —CHj groups,
respectively. The symmetric stretching of the C—C(=0)—O0 group was
observed at 1452 cm™!. Peaks at the range of 1500-1150 cm™! corre-
spond to the ester groups in polylactide molecules. The scissor vibration
of 8(—CH3s) group and the bending vibration of the §;(—CHgs) group are
detected at 1383 em ™! and 1367 em ™. The vibration at 1182 cm™! is
related to the ester group (—C—0—).

The SEM images and element distribution mapping of the cross-
section of 10-nHAp/PLDLLA composition are presented in Fig. 3. The
pictures show a quite homogeneous distribution of nHAp in the com-
posite. The element mapping proves good distribution and negligible

agglomeration of the nHAp nanocrystals in the polymeric matrix.

The weight-average molar weight (M,,) and number average mo-
lecular weight (My) were evaluated for the pure PLDLLA, 10-nHAp/
PLDLLA after the first (mixing and pellet preparation) and the second
extrusion (shaping) as well as 20-nHAp/PLDLLA after the first extrusion
(Table 1). The dispersity indexes (D) were calculated as per Equation (1)
as shown in Table 1. Values of average molar weight decrease after the
first extrusion process more than twice. The second extrusion also
influenced the average molar weight, but the changes were less signif-
icant. After the first extrusion process, the My of composition 20-nHAp/
PLDLLA was lower than that of the 10-nHAp/PLDLLA composition. The
My considers the presence of low-weight molecules (herein nHAp)
which influenced average molecular weight. However, it may be sug-
gested that twice higher wt.% of hydroxyapatite filler does not affect
weight loss during the extrusion process.

The pure PLDLLA, as well as nHAp/PLDLLA compositions, were
investigated using 'H NMR spectroscopy (see Fig. 4). This technique was
used to obtain the structural characterization of the material. The most
intense resonances of methyl chain (H*) were detected at 1.61 and at
1.60 ppm. The —CH(CH3)- methine chain (Hb) as well as end methine
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Fig. 3. The SEM images (top) and element distribution mapping (bottom) of the 10-nHAp/PLDLLA composition.

Table 1
Weight-average molar weight (Mw), number average molecular weight (Mn)
and dispersity indexes (D) of the pure PLDLLA and nHAp/PLDLLA compositions.

unit (HY) result in a quadruplet at 5.19 ppm. The signal corresponding to
the end unit —OH (H®) groups was detected only in case of pure PLDLLA
at 2.38 ppm. The signal associated with the end methyl unit (H®) are
overlapping with the methyl chain (H*) resonance [35,36]

Sample Mnlgg/ Mwl][g/ b ][arb' Thermogravimetric analysis (TGA) was performed to evaluate the
mo. mo. u. . . g s
influence of nHAp modifier on the thermal stability of PLDLLA and
PLDLL‘I\ PUR)E (L-lactide-co-D,L-lactide 332800 761300 2,29 validate the amount of the filler in the composites, i.e., to verify the
copolymer . . is .
10-nHAp/PLDLLA extrusion 1 114 800 248 000 216 efficiency of melt mixing of the composites. The TGA curves of PPDLLA
10-nHAp/PLDLLA extrusion 2 88 900 186 500 2,09 and nHAp/PLDLLA sheets recorded upon heating at 10 °C/min and
20-nHAp/PLDLLA extrusion 1 98 000 240 500 2,45 normalized to the initial sample mass are presented in Fig. 5. Pure
PLDLLA undergoes a one-stage decomposition process which starts at
340 °C as typically for polylactide materials. Decomposition of PLDLLA
progresses due to random or specific chain-end scission and results in a
gradual molar mass decrease [6,37-40]. The addition of nHAp to the
(a) a,c
[ cH 0
3a b
o+ . d e
b OH J
0 | orsc ) /\'L
‘ 165 160 1.55
J’L“M — %
53 52 54 240 238 236
| .l
———n—————————
8 7 6 5 4 3 2 1 0
(b) ac (c) a,c (d) ac
b, d b,d b,d
/L JL
T 'y T T W T T L T
5.2 16 52 1.6 52 16

Fig. 4. 'H NMR spectra of pure PLDLLA (a), 10-nHAp/PLDLLA extrusion 1 (b), 10-nHAp/PLDLLA extrusion 2 (c) as well as 20-nHAp/PLDLLA extrusion 1 (d).
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Fig. 5. Thermogravimetric curves of PLDLLA and nHAp/PLDLLA composites
upon heating at 10 °C min~! in nitrogen atmosphere: mass loss as a function of
temperature.

PLDLLA matrix affects the mass-temperature profile leading to thermal
stability enhancement as a result of the thermally stable filler in the
composition. The higher thermal stability of nHAp/PLDLLA formula-
tions, in comparison to pure PLDLLA, as shown in Fig. 5, results in the
onset of mass loss moved towards higher temperatures. This may posi-
tively affect further processing as enhanced thermal stability may reduce
an average molar mass loss exhibited during the second extrusion
(filament formation) and further 3D printing. The filler content seems
not to affect the thermal stability of the compositions. Worth noting is
that pure PLDLLA decomposes entirely upon the applied temperature
profile. The composites reveal higher residual mass values appropriate
to the composition. The residual masses of the 10- and 20-nHAp/
PLDLLA composites are 12 and 17 %, respectively. Considering the
experimental error, which varies within approx. 2 %, it is assumed that
the amount of the filler in the compositions agrees with the research
plan and proves that the proposed melt mixing procedure is an excellent
tool for producing uniform compositions.

Brinell hardness and density were determined to verify an influence
of the nHAp modifier on physical properties of the composites. The re-
sults are presented in Fig. 6. Pure PLDLLA revealed hardness of approx.
100 HB. An addition of hard ceramic particles of nanosized modifier
resulted in an increase of the value up to 135 HB. A similar tendency was
evidenced in the case of density values. The incorporation of nHAp
resulted in a rise of the value from 1.23 up to 1.38 g/cm? for the highest
filler content. This trend was expected upon the addition of rigid, high-
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density particles into the PLDLLA matrix. The changes are reflected in
the composites’ utility properties, resulting in an increased mass of the
product and its high solidity. Hence, it ensures sufficient properties to
serve as medical implants for orthopedic surgery. Such composites
aiming to mimic the composite nature of natural bone combine the
polymer phase’s toughness with an inorganic filler’'s compressive
strength to generate bioactive material with improved mechanical
properties and degradation profile [18].

Bone implant requires sufficient mechanical strength and must be
durable enough to maintain its properties during the implantation
procedure. After implementation in the body, it needs to provide short-
term mechanical support for the overgrowing bone. Table 2 shows
tensile (or,) and flexural strengths (of,), Young’s (E,), and flexural (Ep)
moduli and flexural strain (e4,) of the composites with various nHAp/
PLDLLA ratios upon static and bending tests. It was observed that the o,
and oy decrease with an increasing amount of nHAp. The flexural
strength dropped from 115.0 MPa, for pure PLDLLA, down to 95.7 and
81.4 MPa for the 10- and 20-nHAp/PLDLLA, respectively. Simulta-
neously, the tensile strength dropped from 41.8 MPa, for the pure ma-
trix, down to 38.6 and 27.4 MPa for the composites, respectively. It is
well known that introducing a rigid filler in polylactide decreases the
strength of the composite material. Still, on the other hand, it increases
the stiffness, as evidenced by enhanced Young’s modulus values [23].
From the application point of view, a decrease in bending strength for
nHAp/PLDLLA composites, in comparison to unmodified PLDLLA, is
desired as the values of ¢, become similar to natural cortical bone (61
MPa) [41]. Moreover, a slight increase in the flexural modulus for the
nHAp/PLDLLA composites was observed (up to about 1.80 GPa), which
is close to the experimental error. An increase in material stiffness re-
sults in increased brittleness of the material. Both, &, and &g, decrease
with the nHAp content, i.e., the elongation at break dropped from 3.1 %,
for the pure matrix, down to 2.6 and 1.3 % for the composites, respec-
tively. The flexural strain values decreased from 5.6 %, for the pure
PLDLLA, down to 2.7% for the 20-nHAp/PLDLLA. However, it should be
noted that this reduction does not discredit the composites as a material
with the potential to produce medical implants. On the contrary, it was
proved that nHAp/PLDLLA composites have sufficient strength and
durability to replace bone defects.

Water and diiodomethane contact angles determined for pure
PLDLLA, 10-nHAp/PLDLLA, and 20-HAp/PLDLLA are shown in Fig. 7. It
was noted that water contact angles (WCAs) are higher for the 10-nHAp/
PLDLLA and 20-nHAp/PLDLLA than for pure PLDLLA, i.e., the surface of
the composites is more hydrophobic than pure material. The value of
WCA for pure matrix is in agreement with the literature [42]. In recent
reports, it has been suggested that biomaterials with water contact an-
gles higher than 65° could be less susceptible to cell adhesion than hy-
drophilic substrates [43]. On the other hand, the hydrophobic surfaces
(6 > 90°) are linked with better cell-cell cohesion. According to these
studies and the WCA data in Fig. 7, favored growth of tissue on 10-
nHAp/PLDLLA composite is expected. In contrast, the cell-material
adhesion should be smaller than for pure PLDLLA and 20-nHAp/
PLDLLA. The values of diiodomethane contact angles are slightly
higher for composites than for PLDLLA. It means that nonpolar liquids

Table 2

Tensile strength (o), flexural strength (ofy), Young’s modulus (Ey), flexural
modulus (Eg), elongation at break (ep), and flexural strain (egy,) of the pure
PLDLLA and nHAp/PLDLLA compositions.
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Fig. 6. Brinell hardness and density of PLDLLA and nHAp/PLDLLA composites

in a function of composition.

T
10-nHAp/PLDLLA

T
20-nHAp/PLDLLA

Sample Om Ofin E, Ef [GPa] &p [%] &fm [%]
[MPa] [MPa] [GPa]
PLDLLA 41.8 + 115 + 2.1+ 1.70 £ 3.1+ 5.6 +
11.8 10.2 0.0 0.13 1.1 0.61
10-nHAp/ 38.6 + 95.7 + 21+ 1.82 + 2.6 + 3.7 £
PLDLLA 5.4 8.7 0.2 0.27 0.6 0.04
20-nHAp/ 27.4 + 81.4 + 2.6 + 1.83 £ 1.3+ 2.7 +
PLDLLA 13.3 5.5 0.3 0.03 0.6 0.10
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Fig. 7. Average water and diiodomethane contact angles determined for pure
PLDLLA, 10-nHAp/PLDLLA, and 20-nHAp/PLDLLA.

possess higher affinity to the surface of nHAp/PLDLLA than to pure
polylactide. However, contact angle alone is not sufficient to the cell-
surface interaction as the cell response to a biomaterial is much more
complex.

The surface free energy (SFE) is a thermodynamic quantity that in-
terprets phenomena occurring at the interface. In the case of biomedical
materials, it reflects their biological response. Here, the surface free
energy was calculated as per Eq. (3) using the contact angle data for
PLDLLA and compression-molded composites, as shown in Table 3.

The role of SFE in the biocompatibility of materials related to bone
implants has already been recognized in terms of cell adhesion including
bacteria and osteoblasts. The SFE value for ideal cell spreading and
growth has been indicated as 57 mJ+m ™2, close to the result obtained for
pure PLDLLA [44]. Other reports indicate that the real contribution of
surface free energy to protein adsorption and cell adhesion is not fully
understood [45]. Nevertheless, every change in SFE affects cell
behavior. In our study, the total surface free energy of PLDLLA (55.57
mJecm~2) was reduced through compositional changes to 39.74 and
50.13 mJ.cm 2, respectively. The dispersive component of the SFE was
modified in contrast to the polar part which remained relatively high for
nHAp/PLDLLA. The differences in the SFEs may be crucial for adsorp-
tion and conformation of proteins and their distribution across the
surface of PLDLLA-based composites [46]. The addition of hydroxyap-
atite to the polymer matrix improves the surface topology of the material
by enhancing the specific surface area leading to increased material-
protein interactions, enhanced cell adhesion, as well as cell prolifera-
tion and differentiation [16,47,48]. The proteins are more likely to form
separated island-like structures on lower surface free energy surface
(herein 10-nHAp/PLDLLA), while higher SFE favors the formation of
reticulated structures. Therefore, the differences in SFE of PLDLLA and
nHAp/PLDLLA composites may affect the morphology of protein layers
built on their surfaces. The results provide the first indication of the
suitability of the nHAp/PLDLLA composites for application as regener-
ative materials in bone surgery. However, the other factors must also be
considered in each specific application, e.g., the protein chemistry,
including its hydrophilic/hydrophobic nature and surface roughness.

Table 3

Total surface free energy values and its components calculated according to the
OWRK approach for pure PLDLLA, 10-nHAp/PLDLLA, and 20-nHAp/PLDLLA
composites.

PLDLLA 10-nHAp/PLDLLA 20-nHAp/PLDLLA
SFE [mJecm 2] 55.57 39.74 50.13
ysd 19.33 8.41 14.28
¥Sp 36.24 31.33 35.85
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3.1. Bacterial adhesion

The ability of bacterial strains forming biofilm was evaluated on both
samples (10-nHAp/PLDLLA and 20-nHAp/PLDLLA). It can be noted that
the yellowish, green and red particles were detected in all microscopic
images (see Fig. 8) also in the control ones (without bacteria). It could be
assumed that the observed objects are the agglomerated hydroxyapatite
particles. Moreover, no emission was detected in the composition
without Syto 9 and propidium iodide addition. This observation pro-
vides that these objects could be visualized due to the interaction be-
tween hydroxyapatite and fluorescent dyes. The emission of
hydroxyapatite excited at different wavelengths was broadly described
by Machado et al. [49]. Furthermore, the microscopic images (see Fig. 8)
suggest that bacterial adhesion and biofilm formation on both types of
materials (10-nHAp/PLDLLA and 20-nHAp/PLDLLA) are comparable.
Most of the tested strains cannot form mature biofilm structures on the
nHAp-filled material surfaces, and only single adhered living cells
(green) are spotted. The mature biofilms were created only by
S. epidermidis and P. aeruginosa. However, it is likely due to their natu-
rally high tendency to produce biofilms which cannot be seen in other
strains [50,51].

Previously, the conducted research also describes the ability of
bacterial strains to form biofilm on the surface of PLA-based hydroxy-
apatite-loaded materials. In the work of Wozna et al. (2018) the high
adhesion of P. aeruginosa cells was also described as well as of S. aureus
strain. Moreover, the authors proved that the amount of the adhered
cells increased with an increase of hydroxyapatite content (20 and 30%)
[52]. The other polymers were previously tested as well: poly
(orthoester) (POE), polysulfone (PSF), polyethylene (PE), and poly
(ether ether ketone) (PEEK) [53] and the bacterial adhesion was eval-
uated for P. aeruginosa, E. coli and S. epidermidis. The large number of the
adhered cells were spotted on all tested polymers. However, the differ-
ences between particular strains were observed. Interestingly,
S. epidermidis was the least adherent among tested bacteria what con-
tradicts with our results. However, the author used different strain
(S. epidermidis ATCC 12228) so an exact comparison is not possible [53].

4. Conclusions

Fully bioresorbable PLDLLA filled with nanohydroxyapatite com-
posites were prepared via melt mixing in various formulations (10 and
20 wt%), and described in the mechanical, physicochemical as well as
bacterial properties. The performed X-ray and FT-IR analysis proved the
efficient procedure of nHAp synthesis and its incorporation into the
PLDLLA matrix via extrusion. An influence of further processing
methods on average molar mass was investigated using gel permeation
chromatography which proved the decrease of the polymer chain
length. The phenomenon is the most evident in the first extrusion
(mixing of ingredients) and less significant during the second one aiming
at the filament formation for further 3D printing technology. Ther-
mogravimetric analysis indicated enhanced thermal stability upon
nHAp modification. Moreover, the amount of residual mass proved
(together with SEM analysis) proper distribution of the filler in the
polymeric matrix. Also, mechanical properties improved upon the filler
addition with resulting bending strength and density values similar to
natural cortical bone. Therefore, the implant produced of such a mate-
rial would be characterized with low mass, which is comparable to the
human bone and twice lower than its titanium counterpart.

Contact angle measurements proved favored growth of tissue on 10-
nHAp/PLDLLA sample which agreed with the results of the bacterial
adhesion. These outcomes demonstrate that nHAp incorporation is
desired due to enhanced bioactivity, thermal, mechanical, and structural
properties. However, its amount should be optimized to balance the
above properties and susceptibility related to biofilm formation.

Summing up, this kind of the novel and reinforced material
composed of PLDLLA and nHAp nanoparticles can be utilized as internal
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Fig. 8. Selected bacterial biofilm on the surfaces of 10-nHAp/PLDLLA and 20-nHAp/PLDLLA) (scale bar = 50 pm).

bone fixation implants in many medical fields, including orthopedic,
oral, maxillofacial, craniofacial, as well as plastic and reconstructive
surgeries. Its excellent usefulness to these purposes is supported not only
by the material superior mechanical properties but also by its bioactivity
and complete resorbability. Our biomaterial has already been embedded
into the human skull which will be shown in our forthcoming
manuscript.
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