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Abstract

The aim of this work was to evaluate the properties
of polymer blends of poly(L-lactide) and poly(L-lactide-
-co-trimethylene carbonate) 15/85 and to select two
compositions to be used to prepare the materials
for bone and cartilage tissue engineering. PLLA and
PLLATMC as the polymers with significantly different
mechanical properties could be used to prepare a wide
range of polymer blends. They were investigated by
ultimate tensile strength and Young modulus measu-
rements. Considering similar mechanical properties
to these types of human tissues PLLA:PLLATMC
80:20 and 30:70 blends have been chosen as appro-
priate materials for bone and cartilage engineering,
respectively. The materials were examined by thermal
analysis (thermogravimetry and differential scanning
calorimetry), ATR-FTIR spectroscopy and surface
analysis (roughness and contact angle measure-
ments). Miscibility of two polymers was discussed.
High thermal stability of the blends allow to process
them by fused deposition modelling which is one of
the most promising methods for the manufacturing
of computationally designed scaffolds. Based on the
results of thermal analysis at least partial miscibility
of PLLA and PLLATMC in the examined blends is
indicated. Detailed interpretation of ATR-FTIR spectra
let to distinguish the polymers despite their structural
similarities. Surface properties of the materials depend
on the preparation method and on their form.
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Introduction

Most of the materials for bone and cartilage regeneration
are prepared on the base of natural and synthetic polymers
[1]. Natural polymers like collagen [2-3], fibrin [4-5], chitosan
[6-7], alginates [8-9] and hyaluronates [10-11] are used
in the form of hydrogels as the carriers of growth factors
and cells. The advantage of applying natural polymers is
a simple homogeneous distribution of cells, medicines and
other bioactive substances. Synthetic polymers including
polylactide, polyglycolide and their copolymers [12-14] are
applied in the form of fibres or three-dimensional structures
as scaffolds for cell growth.

Preparation of a polymer blend as two- or multi-com-
ponent physical mixture of homopolymers, copolymers or
both of them is one of the basic method used for production
of new materials. Polymers could be modified by addition
of small amounts of other components to achieve desired
properties, or they could be mixed in various ratios to pro-
duce blends with properties significantly different from these
of the individual components [15-16]. Homogeneity of new
materials is an important issue so polymer miscibility should
be analyzed in detail [17-18]. Biodegradable polymer blends
are often used to prepare materials for tissue regeneration
with precisely adjusted properties [19].

The most commonly used polymers for bone and car-
tilage regeneration are polylactide blends [20] including
blends with polycaprolactone [21-22], polyglicolic acid or
poly(lactic-co-glycolic acid) [23-24], poly(ethylene glycol)
[25-26], etc. Blends of polylactide and poly(trimethylene
carbonate) [27-28] dedicated for biomedical applications
[29-30] are only described by few authors. The aim of
this research was to evaluate the properties of the new
poly(L-lactide) and poly(L-lactide-co-trimethylene carbon-
ate) blends with potential application in bone and cartilage
tissue engineering.

Materials and Methods

Materials

Semi-crystalline poly(L-lactide) sold under the trade name
BIOCOP® PLLA Sn free (PLLA) and amorphous poly(L-
lactide-co-trimethylene carbonate) 15/85 sold under the
trade name BIOCOP® PLLATMC 15/85 (PLLATMC) were
purchased from BioMatPol, Poland. They were medical-
grade polymers synthesized with non-toxic compounds.
Chemical structure of the polymers is presented in FIG. 1.
TABLE 1 summarizes their basic properties according to the
manufacturer. Dichloromethane (299.5%) was purchased
from Avantor Performance Materials, Poland.

FIG. 1. Chemical structure of PLLA (A) and
PLLATMC (B).

TABLE 1. Basic properties of PLLA and PLLATMC.

PLLATMC

polymer PLLA

number average molar
mass M, [g/mol] 160000 60000
I dispersion coefficient D 2.1 2.0 I

Poly(L-lactide) (PLLA) and poly(L-lactide-co-trimethylene
carbonate) 15/85 (PLLATMC) blends were prepared by
polymer solution casting. For this, an appropriate amount
of each polymer for a total of 4.0 g was added to 40 mL
of dichloromethane. The polymers were combined in the
following ratios: 100:0, 90:10, 80:20, 70:30, 60:40, 50:50,
40:60, 30:70, 20:80, 10:90, 0:100. The mixtures were stirred
at room temperature until homogeneous solution was ob-
tained. Then, resulting solutions were carefully poured on
Petri dishes (10 cm in diameter) and left overnight to dry at
room temperature. Prepared films were peeled off and two
different sides, air-facing and plate-facing, were marked.
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Methods

Ultimate tensile strength and Young's modulus were
determined using Zwick 1435 (Zwick Roell, Germany) uni-
versal testing machine. 75 mm x 10 mm foils placed in the
steel clamps with a distance of 50 mm were analyzed at an
extension rate of 5 mm/s until the fracture occurred. Five
measurements were conducted for each sample.

Thermogravimetry (TG/DTG) in the temperature range of
25 to 600°C were performed with Netzsch STA 449 F3 Jupi-
ter (Netzsch, Germany). 10 mg samples were analyzed at
a heating rate of 10°C/min in an inert atmosphere of 99.999%
nitrogen with a flow rate of 40 mL/min. Differential scanning
calorimetry (DSC) analysis in the temperature range of -50
to 200°C were conducted with Mettler Toledo DSC 1 (Met-
tler Toledo, Switzerland). 5 mg samples were analyzed at
a heating rate of 10°C/min in an inert atmosphere of
99.999% nitrogen with a flow rate of 30 mL/min.

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra were collected at room temperature
in a range from 4000 to 400 cm after 256 scans at 2 cm™'
resolution using Vertex V70 (Bruker, USA) with ZnSe crystal.

Two different sides of the films were examined and pho-
tographed under an Olympus BX41 (Olympus, Japan) light
microscope at magnification of 100 x.

Both sides of the films were characterized by surface
roughness and contact angle analysis. Surface roughness
measurements were conducted with Hommel Tester T1000
(Jenoptik, Germany). Water contact angle measurements
were performed with Kruss DSA10 MK2 drop shape analyzer
(Kruss, Germany) using goniometer method and UHQ water
(0.23 + 0.05 pl volume of the drop). Each parameter was
calculated as an average of ten measurements.

Results and Discussions

Poly(L-lactide) is a relatively hard and brittle material
whereas poly(L-lactide-co-trimethylene carbonate) is an
elastomer. Mixing them can lead to blends with different
mechanical properties. Whole range of the compositions has
been investigated to obtain blends with mechanical prop-
erties similar to bone or cartilage tissue. Young's modulus
and tensile strength of the blends are presented in FIG. 2,
and compared with bone and cartilage tissue properties in
TABLE 2. As composition of 80 wt.% of PLLA and 20 wt.%
of PLLATMC showed Young's modulus similar to bone tis-
sue, and composition of 30 wt.% of PLLA and 70 wt.% of
PLLATMC was similar to cartilage tissue, further research
was performed using these two compositions. It should be
pointed out that both of them withstand higher loads than
the discussed natural tissues.

Mechanical properties measurements

Dependence of ultimate tensile strength and Young's
modulus on blends composition are presented in FIG. 2.
These parameters were significantly different for PLLA and
PLLATMC, so a vast range of the materials with intermediate
properties as blends of these polymers could be prepared.
PLLA was a semi-crystalline rigid and brittle polymer. Meas-
ured ultimate tensile strength was 47.12 + 0.98 MPa and
Young's modulus was 2485 + 153 MPa. PLLATMC was an
amorphous ductile polymer. Ultimate tensile strength was
0.31+£0.02 MPa and Young's modulus was 0.64 + 0.14 MPa,
so it was two and four order of magnitude lower, respectively,
in comparison with PLLA.
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FIG. 2. Dependence of ultimate tensile strength Rm (graph A) and Young's modulus E (graph B) on blend com-

position.

TABLE 2. Mechanical properties of the selected blends of PLLA/PLLATMC and human bone and cartilage.

PLLA:PLLATMC Bone (wet) PLLA:PLLATMC Cartilage
80:20 [Yamada] 30:70 [Yamada]
Vel e/ 30.49 + 3.06 14.0 0.34+0.02 0.29
[MPa]
oung's modulis 1786 + 81 1830 2.95 + 0.36 25
[MPa]
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PLLA and PLLATMC blends with a various ratios of both

® o o o o o o components were analyzed to select two compositions with

mechanical properties appropriate to prepare materials for
bone and cartilage tissue engineering. Two ranges of the
mechanical properties could be seen in FIG. 2. In the first
one (PLLA:PLLATMC from 90:10 to 60:40) ultimate tensile
strength and Young's modulus were similar to PLLA and
changed linearly with blend composition according to the
following equations (where X is the content of PLLATMC
[%] and R is the correlation coefficient):
Rm =-0.3508-X + 36.997 (R?= 0.9910)
E =-13.969-X + 2050 (R?= 0.9876)

They could be used to define a composition and to pre-
pare a material with desired properties. In the second range
(PLLA:PLLATMC from 40:60 to 10:90) both parameters were
similar to PLLATMC but, contrary to the first one, a linear
changes were not observed.

Mechanical properties of the human tissues were de-
scribed in detail by Yamada (1970) [31]. In that review an
average ultimate tensile strength for bone (wet) and cartilage
were specified as 14.0 MPa and 0.29 MPa, respectively, and
an average Young's modulus as 1830 MPa and 2.5 MPa,
respectively. Two compositions of polymer blends, namely
PLLA:PLLATMC 80:20 and 30:70, have been chosen as
blends appropriate to prepare materials for bone and for carti-
lage tissue engineering, respectively. For 80:20 blend Young's
modulus was similar to human bone tissue and ultimate ten-
sile strength was almost two times higher whereas for 30:70
blend both parameters were slightly higher in comparison
to cartilage tissue. The results are summarized in TABLE 2.

Thermal analysis

Thermal properties of the investigated blends are im-
portant from the point of view of their processing, filament
fabrication, and 3D printing. TG and DTG curves of polymers
(PLLAand PLLATMC) and polymer blends (PLLA:PLLATMC
80:20 and 30:70) are given in FIG. 3 and FIG. 4, respectively.
Typical effects of decomposition of both polymers were
observed. At measurement conditions degradation process
started about 260°C and ended about 360°C. Based on the
shape of curves parameters (onset, midpoint, endset, mass
change) were determined and collected in TABLE 3. High
thermal stability of both components as well as their blends
in the temperature range of 20 to 260°C allows for their
processing at about 200°C (fused deposition modelling).

DSC curves of PLLAand PLLATMC are shown in FIG. 5.
PLLA as a semi-crystalline polymer had a melting peak with
maximum at 177°C and enthalpy change of -42.82 J/g. Ac-
cording to Pyda et al. (2004) [32] enthalpy of crystallization
for 100% crystalline PLLA is 91+£3 J/g, and based on this
value a degree of crystallinity for the sample was estimated
as 47%. Glass transition at 46°C was also observed. For
PLLATMC as an amorphous polymer the only observable
effect was glass transition at -7°C. DSC curves of the
blends presented in FIG. 6 revealed three effects. The first
glass transition (at -4°C and at -11°C for 80:20 and 30:70
blends, respectively) can be associated with a presence of
PLLATMC. The second glass transition (at 49°C both) and
melting peak (at 180°C and at 177°C, respectively) were
related to the presence of PLLA. All of observed thermal
effects are described in TABLE 4.
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FIG. 3. TG and DTG curves of PLLA (graph A) and PLLATMC (graph B).
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FIG. 4. TG and DTG curves of PLLA:PLLATMC 80:20 (graph A) and PLLA:PLLATMC 30:70 (graph B).
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PLLA:PLLATMC

PLLA:PLLATMC

onset [°C] 323 320 318 327
midpoint [°C] 342 339 335 340
endset [°C] 362 358 352 352
mass change [%] -98.2 -94.7 -94.8 -97.0
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glass T[°C] - -4.13 -10.73 -7.38
transition | ACp [J/(g-K)] - 0.030 0.430 0.531
glass T[°C] 45.56 49.49 49.36 -
transition Il ACp [J/(g-K)] 0.297 0.210 0.150 -

. T[°C] 177.24 179.90 176.68 -
melting
AH [J/g] -42.82 -43.28 -15.14 -
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Glass transition temperature is a very useful factor to

® o o o o @ @ gssess miscibility of polymers. Full miscibility of the com-

ponents of polymer blend is recognized by a single glass
transition temperature. It can be calculated according to
the Fox equation where T, and T,, are glass transition
temperatures of pure polymers, and w, and w, are weight
fractions of the components in the blend:

oW W,
T T T,

g1

In the case of full miscibility of PLLA and PLLATMC
single glass transition temperatures at 33.35°C and 6.56°C
should be observed for 80:20 and 30:70 blends, respectively.
Detection of two values of glass transition temperature for
polymer blends can be an evidence for phase separation of
the components. However, the T, values observed for the
blends are different from these obtained for pure polymers.
They also vary depending on weight ratio of the components.
Glass transition assigned to PLLA was 49°C for both blends,
while pure PLLA exhibited glass transition at 45°C. Higher T,
in the blends suggests that PLLA in its amorphous phase is
packed more tightly than in pure polymer and needs more
energy to increase the interchain distances. Glass transi-
tion of PLLATMC in 80:20 and 30:70 blends was observed
at -4°C and -10°C, respectively, comparing to -7°C in pure
polymer. It shows that PLLATMC as elastic copolymer is
much more sensitive to the addition of rigid PLLA. It seems
that relatively small amounts of PLLA (in our studies 30%)
in the blend help the PLLATMC to achieve the elastic state,
while excess of PLLA makes it more difficult. Most probably
the distribution of polymer molecules and the interchain
interactions play a significant role in glass transition. In the
case of our studied system both components possess lactide
units in their molecules that should induce better miscibility.
However, high content of PLLA causes stronger interactions
with PLLATMC molecules hindering their movements. This is
why the T, of PLLATMC in 80:20 blend is higher than in pure
polymer. On the other hand, low content of PLLA interacting
with lactide units of PLLATMC helps in creation of crystalline
rigid segments in elastomer and microphase separation.

No crystalline phase (melting) is observed in pure PLLATMC,
however it is expected in thermoplastic copolymers like the
investigated one.

Glass transition width as a difference between endset and
onset temperatures is the other parameter used to evaluate
the miscibility of polymer blend components. It is described
to be about 6°C for pure homopolymers, about 10°C for fully
miscible polymers and over 32°C for immiscible polymers.
Width of glass transition assigned to PLLAwas 8°C for pure,
13°C for 80:20 blend and 15°C for 30:70 blend and assigned
to PLLATMC was 4.5°C, 2.5°C and 10°C, respectively.
These values could indicate at least a partial miscibility of
PLLA and PLLATMC in 80:20 and 30:70 blends, which is in
agreement with the discussion on T, changes.

ATR-FTIR analysis

ATR-FTIR spectra of the samples are presented in FIG. 7
and detailed interpretation is summarized in TABLE 5.
The chemical structure of PLLATMC as a 15/85 co-
polymer consists of carbonate moieties but contains also
some amount of the same units as PLLA. Comparing
the spectrum of PLLATMC to the spectrum of PLLA the
most recognizable are peaks attributed with -CH,- rock-
ing in an aliphatic chain of carbonate moiety at 925 cm™'
and 787 cm™'. The most intense peaks in each spectrum
were attributed to C=0 stretching (at about 1735-1750
cm'), C-O asymmetric stretching (1230-1265 cm™'
and 1180-1195 cm™') and C-O-C symmetric stretching
(1075 cm™ and 1025-1040 cm™"). Apart of the peak at about
1075 cm' characteristic absorption varied with the change
of PLLA:PLLATMC ratio. For example for C=0 stretching it
decreased from 1747 cm™ to 1736 cm™' for 100:0 and 0:100
samples, respectively.

Surface characterization

Microscopic images of two different sides of the films are
given in FIG. 8. Using polymer solution casting air-facing
and plate-facing surfaces are formed as a result of solvent
evaporation. Diverse morphology between them was clearly
visible in the pictures. The most characteristic was air-facing
side of 30:70 sample with noticeable inhomogeneity.
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FIG. 7. ATR-FTIR spectra of PLLA, PLLATMC and PLLA:PLLATMC blends (80:20 and 30:70).
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Type of vibration

Characteristic absorption [cm'] and intensity

PLLA

PLLA:PLLTMC

80:20

30:70

PLLATMC

C-H symmetric stretching (O-CHR- moiety) 2997 w 2997 w 2974 w 2974 w
C-H symmetric stretching (C-CH, moiety) 2943 w 2943 w nv 2921w
C=0 stretching 1747 s 1744 s 1736 vs 1736 vs
CH;, scissoring 1453 m 1453 m 1456 m 1458 m
CHj, rocking 1382 m 1382 m 1403 m 1403 m
CH, rocking 1361 m 1359 m 1362 m 1362 m
-CH,- rocking nv nv 1330 m 1330 m
C-O asymmetric stretching (O-C=0 moiety) 1265 m 1249 m 1230 vs 1230 vs
C-0O asymmetric stretching (O-CH,- moiety) 1179 s 1179 s 1193 s sh 1194 s sh
C-C stretching 1127 s sh 1128 m 1132 m 1134 m
C-O-C symmetric stretching 1075 vs 1077 vs 1076 s 1075 m
C-0O-C symmetric stretching 1039 s sh 1037 s sh 1028 s 1028 s
-CH,- rocking (O-CH,- moiety) nv nv 926 m 925 m
C-O stretching (O-CH(CH,) moiety) 868 m 869 m nv nv
-CH,- rocking (-(CH,),- moiety) nv 790 m 787 s 787 s
-CH,- rocking (-(CH,),- moiety) 754 m 754 m nv nv

PLLA:PLLATMC 20:20 (af)

PLLA:PLLATMC 80:20 |

PLLA:PLLATMC 30:70 (¢

PLLATMC (af)

PLLATMC (pf)
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TABLE 6. Roughness parameters (Ra - arithmetical mean height, Rt - total height of profile, Rz - maximum height
of profile) of air-facing and plate-facing sides of the films.

PLLA:PLLATMC

air-facing 0.72+0.10 0.36 £ 0.06 11.31 £ 1.41 1.36 +0.27

Ra [um]
plate-facing 0.55+0.05 0.28 £ 0.07 10.52 £ 1.05 1.64 +0.36
air-facing 6.22+1.23 2.34+£0.50 95.88 £ 12.54 15.31£2.75

Rt [um]
plate-facing 4.31+£0.70 2.41+0.54 87.67 +£9.33 17.79 £ 3.19
air-facing 3.91£0.65 1.69+0.31 62.02 £ 5.85 7.85+1.26

Rz [um]
plate-facing 3.25+0.29 1.66 £ 0.23 55.31 £ 5.22 10.24 = 1.54

TABLE 7. Water contact angle of air-facing and plate-facing sides of the films.

PLLA:PLLATMC
contact angle air-facing 82.7 + 1.4 815405 754 £2.0 103.9 + 1.4
[] plate-facing 73318 74.8 +1.1 747+ 1.4 104.1+ 1.7 I

The results of surface roughness and water contact angle
analysis are shown in TABLE 6 and TABLE 7, respectively.
Roughness parameters of air-facing side were higher than
plate-facing side for films of PLLA and two PLLA:PLLATMC
blends in contrast to PLLATMC. The differences between
both sides were a result of the gradient formed by solvent
evaporation during preparation of the films. For 30:70
PLLA:PLLATMC film roughness parameters were one order
of magnitude higher compared to the others. This could be
a result of the lower miscibility of both components in this
polymer blend. For PLLA and 80:20 sample water contact
angle of air-facing sides was higher than these of plate-
facing sides, while for PLLATMC and 30:70 sample it was
similar. The measurements were affected by differences in
surface roughness of the samples, and contact angles were
the lowest for 30:70 sample with the highest roughness.

Conclusions

Biodegradable polymers like poly(L-lactide) and poly(L-
lactide-co-trimethylene carbonate) 15/85 with significantly
different mechanical properties are an appropriate materi-
als to prepare a wide range of polymer blends for various
applications. 80:20 and 30:70 weight ratios of PLLA to
PLLATMC were chosen to develop materials for bone
and cartilage tissue engineering, respectively. Importantly,
a linear relationship between mechanical properties (ulti-
mate tensile strength, Young's modulus) and composition for
PLLA:PLLATMC ratios from 90:10 to 60:40 was observed.
Thermal processing of the materials is possible in the tem-
perature range from above 180°C when they melt up to
260°C when decomposition starts. The changes in glass
transition temperatures of blends comparing to pure poly-
mers suggest partial miscibility of the components. PLLA and
PLLATMC in spite of structural similarity are discriminated
by ATR-FTIR spectroscopy so the method could be used to
investigate polymer blends. Depending on the preparation
method surface properties of the materials (roughness and
water contact angle) are different.

Fused deposition modelling (FDM) as one of the most
promising method is proposed to be used to produce bone
and cartilage scaffolds with a structure precisely described
by a computer-designed model. Developed PLLA:PLLATMC
80:20 and 30:70 blends after processing to the form of
a filament could be used in FDM 3D printers.
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