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A B S T R A C T

This manuscript focuses on the effect of the addition of a low molecular weight triblock copolymer derived from
ε-caprolactone and tetrahydrofuran (CT) on the compatibility and cytotoxicity of immiscible poly(lactic acid)
(PLA) and poly(ε-caprolactone) (PCL) blends. Binary and tertiary PLA/PCL blends were prepared by melt
mixing in a twin-screw extruder and their morphological, mechanical and thermal behaviors were investigated
by scanning electron microscopy (SEM), tensile and Izod impact test, dynamic mechanical analysis (DMA) and
differential scanning calorimetry (DSC). SEM micrographs showed the CT copolymer suppressed the
coalescence phenomena and maintained the size of dispersed PCL domains at approximately 0.35 µm.
Bioresorbable PLA/PCL blends containing 5 wt% of CT copolymer exhibited a remarkable increase in ductility
and improved toughness at room temperature. Although the CT copolymer increased the interfacial adhesion,
the DMA results suggest it also acts as a plasticizer exclusively for the PCL phase. The cell viability evaluated by
the XTT assay confirmed PLA/PCL blends compatibilized by CT copolymer exerted no cytotoxic effect.

1. Introduction

Over the past three decades, poly(lactic acid) (PLA) has received
much attention due to its low environmental impact when disposed,
since it is fully biodegradable by hydrolysis and enzymatic process
(Auras et al. 2004). Additionally, PLA is a bio-based polymer, where
the production of lactic acid is by bacterial fermentation of biomass
(sugar or starch) or by chemical synthesis (Lunt, 1998; Rasal et al.
2010). Both characteristics have pointed to using PLA in applications
that require low environmental impact polymers and susceptible to
biological degradation at the end of their useful life, such as packaging
(Chavalitpanya and Phattanarudee, 2013).

In addition to bio-based origin and biodegradability, PLA is one of
the most promising polymers for biomedical applications due to the
bioresorbability and biocompatible properties, making it highly desir-
able for temporary implants, as in coronary stents (Tamai et al., 2000;
Ormiston and Serruys, 2009; Peng et al., 1996). Stents are structural
implants with widespread clinical use in vascular intervention to re-
open stenotic vessels for the treatment of coronary artery disease and
peripheral arterial occlusive disease (Grabow, 2010). The main func-
tions of a stent are the treatment of dissection and prevention of

restenosis, events that occur in the first six months after coronary
intervention (Colombo and Karvouni, 2000). After the vascular healing
period, the permanent stents lose their functions and adverse side
effects can appear, such as very late stent thrombosis (VLST).

The application of PLA as a biomaterial is limited by its poor
toughness and brittleness, since generally the temperature is used
below its glass transition temperature (Tg), around 55 – 65 °C.
According to the literature, blending PLA with other flexible polymers
is an effective method to improve the toughness and increase the
ductility of PLA. With a Tg of −60 °C, poli(ε-caprolactone) (PCL) is a
rubbery biodegradable polyester, extensively used to improve the
toughness and increase the flexibility of PLA (Nair and Laurencin,
2007; Wong et al., 2012; Williamson and Coombes, 2004). In addition
to allowing the development and production of totally biodegradable
blends, the mix of PLA with PCL has attracted scientific and techno-
logical interest in the biomedical field because PCL is also bioresorb-
able and biocompatible (Kweon et al. 2003; Woodruff and Hutmacher,
2010). Therefore, PLA/PCL blends are potential candidates to be used
as biomaterial, particularly in applications that require mechanical
support only some amount of time.

PLA/PCL blends are immiscible and the poor interfacial adhesion
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between phases is responsible for the low performance observed in
these blends. A strategy to increase phase adhesion of immiscible
polymer blends is the addition of a compatibilizer, usually a block
copolymer where each block exhibits preferential interactions with the
different phases in the blend (Work, 2004; Zeng et al., 2015). Thus, the
compatibilizer tends to localize at the interface, improving the inter-
facial adhesion and allowing the stabilization and control of the
morphology, key to achieve high mechanical performance in immisci-
ble blends. Several studies have evaluated the influence of different
compatibilizers on the mechanical properties and morphology of PLA/
PCL blends. Zhang et al. (2015) showed that the ductility of PLA/PCL
blends containing 80 wt% of PLA increased significantly with the
increase of the amount of compatibilizer, a block copolymer derived
from lactide and caprolactone (PLA-b-PCL). The addition of 5 wt% of
PLA-b-PCL further enhanced the ductility of the blend with only a
slight drop in tensile strength and modulus.

Tsuji et al. (2003) also investigated the compatibilizer effect of PLA-
b-PCL in the tensile properties of PLA/PCL blends. The amount of
compatibilizer added in the blends was fixed at 10 wt% and the
composition of PLA in the blends varied from 10 to 90% by weight.
The addition of PLA-b-PCL concurrently improved the tensile stress,
Young modulus and strain at break for PLA composition ranging from
50 wt% to 80 wt%.

Choi et al. (2002) studied the effect of two types of copolymers
(lactide and caprolactone based polymers) on the morphology of the
PLA/PCL (70/30 wt%) blend. When a diblock copolymer with a mole
ratio of caprolactone to lactide of 1.6 was used as compatibilizer, the
dispersed domain size of the PCL decreased with the increase of the
copolymer concentration up to 10 phr. However, the dimension of the
dispersed PCL domains increased with the addition of the 15 phr of the
compatibilizer due to the formation of micelles in the PCL rich-phase.
The presence of micelles reduced the interfacial adhesion in the blend.

Dell-Erba et al. (2001) studied the influence of triblock PLLA-PCL-
PLLA copolymer on the phase morphology of PLLA/PCL blends.
Particularly for PLLA/PCL blends of different compositions (PLLA
70 wt% and PCL 30 wt%) the increase of triblock copolymer up to 2 wt
% decreases the PCL domains size. The addition of copolymer up to
5 wt% did not change the final morphology, indicating that the excess
triblock copolymer also results in the micelle formation.

Na et al. (2002) investigated the mechanical properties of PDLLA/
PCL (80/20 wt%) blends compatibilized with different concentrations
of poly(ε-caprolactone-b-ethylene glycol) (PCL-b-PEG). The results
showed that there is optimum copolymer concentration and the
mechanical properties decrease probably due to the plasticizing effect
of the compatibilizer when PCL-b-PEG copolymer is used at high
concentration.

Chen et al. (2003) evaluated the compatibilizer effect of the
copolymer ethylene oxide and propylene oxide on the mechanical
properties of PLLA/PCL blends. The yield strain and strain at break
values increased after adding the PCL and compatibilizer, but the other
mechanical properties decreased.

This study investigated the effect of a commercially available
triblock ε-caprolactone-tretahydrofuran-ε-caprolactone (CT) copoly-
mer on immiscible PLA/PCL blends. PLA/PCL blends without and
with 5 wt% of CT were prepared by twin screw extrusion and the effect
of the CT copolymer on the morphology and thermal and mechanical
properties was investigated by scanning electron microscopy (SEM),
dynamic mechanical analysis (DMA), differential scanning calorimetry
(DSC) and tensile and Izod impact testing. The cytotoxic potential
effect was also investigated by XTT-assay.

2. Experimental

2.1. Materials

Poly(lactic acid) (PLA grade: Ingeo 2003D), purchased from

NatureWorks Co. Ltd., of approximately 3.7% and 4.8% of D-isomer
content and specific gravity of 1.24. Poly(ε-caprolactone) (PCL grade:
Capa 6500) obtained from Perstorp UK Ltd., is a non-toxic and
biodegradable homopolymer with strain at break of over 700% and
17.5 MPa yield strength. The CT (Capa 7201 A) added to immiscible
PLA/PCL blends was kindly donated by Perstorp. CT is an ABA triblock
copolymer, where A denotes blocks of the ε-caprolactone and B
represents the block of the tetrahydrofuran. Table 1 shows the proper-
ties of the materials used in this study. The PLA was oven dried at
80 °C for 8 h and the PCL was dried in a desiccator under vacuum for
about a week before processing. CT copolymer was kept at low
temperatures, as it is a solid wax at ambient temperatures.

Prior to the melt mixing, PLA and CT were placed in a beaker and
kept in an oven at 40 °C for 15 minutes. After the complete melting of
the triblock copolymer, PCL was added and the components were
manually premixed.

2.2. Processing conditions

Premixed mixtures were melt-processed using a M19 intermeshing
co-rotating twin screw extruder from B&P Process and System, with a
screw diameter of 19 mm and length to diameter ratio (L/D) of 25. The
PLA/PCL blends were prepared using a temperature profile ranging
from 170 °C to 190 °C and 120 rpm as screw speed. The blends were
dried for 12 h in a vacuum oven at 50 °C and then injected to obtain the
test specimens in a Battenfeld Plus 35/75 equipment. The temperature
profile for the injection molding ranges from 150 °C to 170 °C and the
mold temperature was kept at 30 °C. Table 2 shows the composition of
all PLA/PCL blends prepared.

2.3. Characterization

2.3.1. Scanning electron microscopy (SEM)
The morphological characterization was performed on the cryo-

genically fractured (liquid nitrogen) surfaces of PLA/PCL blends. An
Inspect S50 (FEI) scanning electron microscope (SEM) was operated at
5 KV accelerating voltage and a secondary electron detector was used.
The particle size was measured by ImageJ image software. The particle
average size (Dn) of the dispersed phase was determined from

Table 1
Properties of the polymers and copolymer used in this study.

Materials MFI a [g/
10 min]

Mn [g/mol] Mw
Mn

b Tm (°C)d Tonset
(°C)e

PLA 7.5 138000 b 1.62 153 365
PCL 28.0 87000 b 1.49 55 410
CT – 2000 c – 30 290

a ASTM D1238: 190 °C and 2.16kg;
b GPC: THF and 35 °C;
c According to the manufacturer;
d Tm is melting temperature measured by differential scanning calorimetry (DSC).
e Tonset is onset decomposition temperature measured by thermogravimetric analysis

(TGA).

Table 2
Composition of PLA/PCL blends prepared by extrusion and injection molding.

Sample PLA (wt%) PCL (wt%) CT(wt%)

PLA 100 – –

PLA5PCL 95 5 –

PLA10PCL 90 10 –

PLA20PCL 80 20 –

PLA5PCLCT 90 5 5
PLA10PCLCT 85 10 5
PLA20PCLCT 75 20 5
PCL – 100 –
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approximately 300 particles manually measured for each blend from
two or three distinct SEM images.

2.3.2. Dynamic mechanical analysis (DMA)
Dynamic mechanical analysis (DMA) was carried out on a DMA

8000, Perkin Elmer. Test bars were cut from Izod impact bar speci-
mens (dimensions 35×6.25×3.2 mm) and tested in the dual cantilever
bending geometry at a frequency of 1 Hz and strain corresponding to
an amplitude of 25 μm. Measurements were performed under nitrogen
flow over a temperature range of −100 to 120 °C and heating rate of
3 °C/min. Storage modulus (E’) and tan δ were recorded as a function
of temperature.

2.3.3. Differential scanning calorimetry (DSC)
All samples were analyzed on a Perkin Elmer 8000 DSC equipped

with an Intracooler II system for cooling. DSC curves were obtained
using sample mass of c.a. 5.0 mg ( ± 0.5 mg), heating rate of
10 °C min−1 under nitrogen dynamic atmosphere flowing at
20 mL min−1, in a temperature interval of −70 to 190 °C, using covered
aluminum pans. The DSC was calibrated against indium as a tempera-
ture and enthalpy standard, according to the manufacturer´s manual.
The cooling and second heating scans are reported here.

2.3.4. Mechanical testing
Tensile properties of neat PLA and PLA/PCL blends were deter-

mined according to ASTM method D638 at 23 °C and 50% RH, using
type I test specimens and an Instron 5569 universal testing machine
with a Merlin analysis software. The test conditions used were: cross
head speed of 5 mm/min and load cell of 5kN. Prior to testing, the
specimens were conditioning for 48 h at 23 °C and 50% RH. At least 6
specimens of each sample were tested and the average values were
taken.

Izod impact tests were performed according to the standard ASTM
256 at 23 °C and 50% RH using a Ceast Resil Impactor. The pendulum
used was of 1 J and the tests were carried out on notched specimens
(dimensions 65×12.5×3.2 mm). Samples were stored for 48 h at 23 °C
and 50% RH before testing. The reported values were the average of 10
measurements.

2.3.5. In vitro cytotoxicity tests

2.3.5.1. CHO-K1 cell culture. Chinese hamster ovary cells (CHO-K1)
cells were cultured in 1:1 Ham-F10:D-MEM medium (Sigma®, St.
Louis, MO) supplemented with 10% FBS South America (Gibco,
Invitrogen) and 1% antibiotic antimycotic solution stabilized
(Sigma®), 1% kanamycin (Gibco, Carlsbad, CA) in 25 cm2 culture
flasks at 37 ◦C, 5% CO2. Cells were used between the third and
eighth passages.

Eluate preparation.
The eluate was prepared according to the ISO 10993-12, consider-

ing the surface area (3 cm2/mL). PLA/PCL blends were immersed in
1:1 Ham-F10:D-MEM medium (Sigma®, St. Louis, MO) without fetal
bovine serum (FBS) were, shaking at 133 rpm in an incubator (New
Brunswick Scientific – Excella E24 Incubator Shaker Series) at 37 °C
for 72 h.

2.3.5.2. XTT-based cytotoxicity assay. The technique principle is
based on the cleavage of the yellow tetrazolium salt XTT by
metabolically active cells, forming an orange formazan dye.
Therefore, this conversion occurs only in viable cells. After 24 h of
seeding, cells (2×104 cells seeded) were exposed for 24 h to the eluates
in 24-well plates. Each well containing eluate was supplemented with
10% FBS. Negative control (NC) were cells with culture medium
supplemented with 10% FBS without any treatment (untreated

controls), while positive control (PC) the cells were treated with
doxorubicin (3 μg.mL−1) for 24 h. All treatments were carried out in
triplicate. After treatment, the cultures were washed with PBS solution
and fresh culture medium supplemented with 10% FBS was added.
After 24 h of incubation, the cultures were washed with PBS solution
and immediately 500 μL of DMEM without phenol red were added,
followed by the addition of 60 μL of the XTT/electron solution (50:1)
(Cell Proliferation Kit II – Roche Applied Science). After 3 h reaction,
the supernatant was transferred to a 96-well culture plate, and the
absorbance was measured by a Microplate Reader (VersaMax,
Molecular Devices, Sunnyvale, CA) at 492 and 690 nm. The
absorbance is directly proportional to the number of viable cells in
each treatment after 24 h of exposure. Three independent experiments
were conducted.

The Shapiro-Wilk test was used to assess the normality of the data.
One-way analysis of variance (ANOVA) followed by the Tukey's test
was applied to these data. Also, data from treated groups were
compared to the negative control by the Dunnett's test. GraphPad
statiscal package was used to perform the tests. Differences were
considered statistically significant when p < 0.05.

3. Results and discussion

Fig. 1 shows SEM micrographs of fracture surfaces for neat PLA
and PLA/PCL blends. Neat PLA shows a completely flat and homo-
geneous fracture surface with no holes [Fig. 1(a)]. On the other hand,
SEMmicrographs for PLA/PCL blends show a typical phase separation,
which indicates PLA and PCL are immiscible in any proportion studied
and the dispersed PCL particles exhibit a spherical shape. The increase
in the PCL content in non-compatibilized binary PLA/PCL blends led
to an increase in PCL particle size and a broadening of the particle size
distribution, as observed in Table 3 and from the respective particle
size distribution histograms. The particle average size increased from
0.31 to 0.71 μm, respectively, for the non-compatibilized PLA5PCL and
PLA20PCL blends. During the processing of immiscible polymer
blends, the breakup and coalescence of droplets occur simultaneously.
Increasing the PCL content, the Dn increased steadily due to the higher
probability of collision between dispersed particles (Luy et al., 2000;
Sundararaj, 2006). Thus, the coalescence effect becomes more pro-
nounced and can explain the tendency for larger droplets, that is the
increase in droplet size.

The average size of PCL droplets remained constant around
0.35 µm, regardless of the PCL content, due to the addition of 5 wt%
of CT copolymer to immiscible PLA/PCL blends. Moreover, the width
of the particle size distribution in compatibilized PLA/PCL blends is
narrower than that observed in non-compatibilized blends and most of
the PCL particle sizes of the compatibilized blends are below 0.5 µm.
These results suggest the presence of CT copolymer contributes to the
refinement of the morphology by the suppression of the coalescence
phenomenon. The literature reports two mechanisms that explain the
suppression of coalescence of the droplets for compatibilized blends.
According to Sundararaj and Macosko (1995) as droplets approach
each other, the blocks of the copolymer act like entropy springs, i.e.,
they compress to resist the van der Waals attraction. Therefore, the
block copolymers at the interface prevent the coalescence process of the
droplets.

In the second mechanism, the compatibilizer is convected out of the
gap between the approaching droplets leading to a gradient in
compatibilizer concentration. The tangential stress caused by the
Marangoni stress immobilizes the interface, which retards the drainage
of the film and suppresses coalescence (Van Puyvelde et al., 2001).

Although PLA is an enviromentally-friendly polyester with excellent
biodegradability, its major drawbacks are its type of fracture, essen-
tially brittle and low toughness, limiting its use in applications that
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require high mechanical performance. Fig. 2 shows mechanical beha-
vior of the neat PLA and PLA/PCL blends under tensile load. The stress
– strain curves shown in Fig. 2 were chosen because they represent the
average mechanical behavior of each sample.

According to Fig. 2(a) and (b), neat PLA shows a brittle behavior,
characteristic of glassy polymers. The strain at break was approxi-
mately 5%, while the mean value of the Young´s modulus is above
3200 MPa. Table 3 shows the main mechanical properties of neat PLA

Fig. 1. SEM micrographs and particle size distribution histograms of (a) neat PLA; (b) PLA5PCL, (c) PLA10PCL, (d) PLA20PCL, (e) PLA5PCLCT, (f) PLA10PCLCT and (g)
PLA20PCLCT. Dn was manually measured for each blend.
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and PLA/PCL blends.
Adding up to 5 wt% of PCL to PLA and in the absence of CT

copolymer, the blend shows no significant changes in mechanical
behavior. Increasing the PCL amount in the non-compatibilized blends
showed a reduction tendency in the Young´s modulus and tensile yield
strength and an increase in the strain at break.

Young´s modulus and tensile yield strenght of compatibilized PLA/
PCL blends decreased in comparison with non-compatibilized blends.
In the preparation step of the compatibilized blends, the PLA con-
centration was decreased by 5 wt% when CT copolymer was added. As
PLA is the stiffest component of the system, the reduction in its
concentration decreased the Young´s modulus and tensile yield
strenght of PLA/PCL blends, as shown in Table 3. Notwithstanding,
the fracture mechanism of compatibilized blends showed a meaningful
change at room temperature. Whereas in neat PLA or non-compatibi-
lized PLA/PCL blends the fracture mechanism is essentially brittle with
little or no plastic strain, in the compatibilized PLA/PCL blends, the
fracture is very ductile and reaches a strain at break of approximately
104% for PLA5PCLCT. However, the increase in the PCL concentration
in the compatibilized blends resulted in an unexpected reduction in the
strain at break. If the increase in the average size of the PCL particles is
assumed negligible, the drastic decrease in the strain at break can be
related to the reduction in the interfacial adhesion. As the droplet sizes
remained practically constant, the increase in the PCL concentration
resulted in a larger number of particles, hence, a larger surface area per
unit mass of blend. The concentration of triblock copolymers on the
interface of each droplet decreased and the adhesion between the
dispersed phase and the matrix was reduced.

One of the main limitations of PLA is its low toughness, considered
inadequate for many applications. According to Table 3, the Izod
impact resistance of neat PLA is approximately 29 J/m. The enhance-
ment in the PCL amount on the mixtures decisively contributed to the

toughening of the blends, where the compatibilized blends showed
better performance than the non-compatibilized ones. This fact shows
that PLA/PCL blends were actually toughened with the CT copolymer.

PLA is recognized for its brittleness and low toughness and Fig. 3
shows these two mechanical properties for neat PLA and PLA/PCL
blends.

The results shown in Fig. 3 suggest that the Izod impact resistance
and ductility, evaluated by strain at break, are affected differently by
the presence of the CT copolymer and amount of PCL. The strain at
break reached the maximum value when the PCL and CT copolymer
amounts were 5 wt% probably due to the high interfacial adhesion.
Although the presence of the CT copolymer increased the Izod impact
resistance of the blends, the toughness mechanism is more sensitive to
PCL amount, following an increasing tendency with the increase in the
dispersed phase concentration.

Fig. 4 shows the storage modulus (E’) and tan δ as a function of
temperature of the neat PLA and PLA/PCL blends. DMA curves were
divided into two regions, one in the vicinity of the Tg of PCL (Fig. 4(a)
and (b)) and the other in the vicinity of the Tg PLA (Fig. 4(c) and (d)).
For neat PLA (Fig. 4(a)) in the −100 °C – 40 °C range the E’ continually
decreased with the temperature increase. The absence of peaks in its
respective tan δ curve (Fig. 4(b)) indicates that there are no primary or
secondary transitions in this temperature range. The addition of PCL
decreased the E’ values of all blends, as expected. Such a decrease E’ at
approximately −54 °C accompanied by the peaks in tan δ curves is due
to the glass transition of PCL. This drop in E’ at −54 °C is directly
proportional to the PCL concentration.

The peaks of the tan δ curves (Fig. 4(b)) for compatibilized blends
are broader when compared with the non-compatibilized blends with

Table 3
Particle average size (Dn) of the PCL phase and tensile properties of neat PLA and PLA/
PCL blends.

Sample Dn (µm) Young's
modulus
(MPa)

Tensile
yield
strength
(MPa)

Strain at
break (%)

Izod
impact
resistance
(J/m)

PLA – 3210 ± 120 63.2 ± 1.1 4.6 ± 1.2 28.5 ± 2.0
PLA5PCL 0.31 ± 0.12 3100 ± 170 63.4 ± 1.4 7.3 ± 3.0 27.2 ± 1.9
PLA10PCL 0.41 ± 0.19 3050 ± 30 56.5 ± 0.8 14.4 ± 1.8 34.2 ± 1.9
PLA20PCL 0.76 ± 0.41 2800 ± 20 51.1 ± 0.4 25.0 ± 3.2 46.0 ± 2.9
PLA5PCLCT 0.33 ± 0.13 2800 ± 60 35.9 ± 0.8 103.9 ± 22.8 39.0 ± 2.5
PLA10PCLCT 0.37 ± 0.13 2800 ± 50 32.2 ± 0.4 36.8 ± 3.3 48.9 ± 2.0
PLA20PCLCT 0.36 ± 0.21 2500 ± 20 26.6 ± 0.6 45.4 ± 9.9 65.8 ± 3.8

Fig. 2. (a) Full-range tensile stress – strain curves and (b) tensile stress – strain curves showing the 0–10% strain range for neat PLA and PLA/PCL blends.

Fig. 3. Izod impact resistance versus strain at break for neat PLA and PLA/PCL blends.
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same PCL amount, which start at temperatures below the Tg of PCL.
The lowering of Tg reveals a possible plasticizer effect of the CT
copolymer in the PCL phase. The chemical structure of the CT, where
each molecule has ε-caprolactone segments as end blocks combined
with its low molecular weight may be responsible for the plasticizing
effect in the PCL phase. The plasticizer effect of the triblock copolymer
also explains the higher intensity of the tan δ peaks due to the increase
in the viscous response. In addition, it is observed that the maximum
peaks shift to temperatures above the Tg of PCL for compatibilized
PLA/PCL blends, probably due to the restriction of mobility between
the polymer chains. This restriction of mobility can be assigned to an
improvement in the interfacial adhesion between PLA and PCL phases.
With the increase of the PCL amount, the plasticizer effect of the CT

copolymer becomes less noticeable and the interfacial adhesion is
reduced. This behavior explains the decrease of strain at break with the
increase in PCL for compatibilized blends.

The interpretation of the E’ and tan δ curves in the 0 °C and 120 °C
temperature range (Fig. 4(c) and (d)) is limited due to the overlap
between Tg of the PLA and Tm of the PCL, which occurs in the heating
at approximately 60 °C. The E’ values of neat PLA and PLA/PCL blends
decreases continuously until 60 °C (Fig. 4(c)) and from this tempera-
ture the drop is pronounced and accompanied by a peak at 67 °C in the
tan δ curve (Fig. 4(d)). The peaks observed at around 100 °C in E’
curves are attributed to the cold crystallization of PLA.

Fig. 5 shows the DSC curves of the controlled cooling and second
heating runs of PLA, PCL and PLA/PCL blends. The Tg of PLA

Fig. 4. Storage modulus and tan δ curves of neat PLA and PLA/PCL blends plotted against temperature – (a) and (b) from −100 °C to 40 °C; (c) and (d) from 0 oC to 120 oC.

Fig. 5. DSC curves of PLA, PCL and blends: (a) cooling and (b) second heating runs.
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evaluated is in the 55–59 °C temperature range, and is practically
overlapped with the Tm of PCL around 53–56 °C. The DSC curves of
the second heating for non-compatibilized show both thermal transi-
tions. The peaks at lower temperatures are due to the melting of the
PCL phase and the inflection at higher temperature is characteristic of
glass transition of the PLA matrix.

Although such thermal transitions are visible in some DSC thermo-
grams, their quantification from heating curves is imprecise. The DSC
cooling curves are shown here because different from the heating
curves, where Tg of the PLA and Tm of the PCL occur at the same
temperature range, upon cooling the thermal transitions of PLA and
PCL happen at a different temperature range and the effect of the CT
copolymer in each phase can be better evaluated. During cooling, the
Tg of the PLA remains at around 55 °C, but the crystallization process
of the PCL starts at approximately 35 °C.

The dashed line in the DSC curves of the controlled cooling
(Fig. 5(a)) is a guide for eyes. It shows the Tg of PLA was not
influenced by the PCL amount, which confirms that PLA and PCL are
immiscible. The addition of the CT copolymer also did not change the
Tg of PLA, suggesting the low molecular weight copolymer had no
plasticizing effect on the PLA matrix. Crystallization temperature (Tc)
of PCL in binary and ternary blends decreased when compared to that
determined for neat PCL and the crystallization exothermic peaks
become broader. Castillo et al. (2010) studied the crystallization
kinetics of PLLA-b-PCL diblock copolymers and concluded the depres-
sion in the Tc, Tm, ΔHc and ΔHm of PCL was probably related to the
fractionated crystallization phenomenon induced by confinement ef-
fects. For immiscible PLA/PCL blends, the PCL chains are confined in
micro-domains surrounded by solid PLA. Such confinement decreased
the Tc and ΔHc of PCL. The fractionated crystallization may have also
been responsible for the broadening of the crystallization exothermic
peaks. In general, the crystallization enthalpy (ΔHc) of the PCL phase
in compatibilized blends is higher in comparison to those of non-
compatibilized blends. The presence of the compatibilizer may increase
the mobility of PCL chains or even provide nucleation sites and
decrease the energy barrier for the crystallization process. The addition
of CT copolymer tends to increase the ΔHc of the PCL in comparison
with non-compatibilized blends (Table 4).

In the DSC curves of the second heating for compatibilized PLA/
PCL blends (Fig. 5(b)), the melting process of PCL is characterized by
two endothermic peaks. The lower temperature peak can be associated
with the migration of a part of the CT copolymer to the PCL phase since
its terminal segments are composed of ε-caprolactone blocks, as
mentioned earlier. The high ε-caprolactone concentration combined
with its low molecular weight allows the migration of the CT copolymer
from the PLA/PCL interface to the interior of the PCL rich-phase,
decreasing the size and degree of perfection of the crystalline lamellae,
hence lowering the Tm of the PCL. The second melting peak at 56 °C is
typical of the neat PCL.

The exothermic peak at 108 °C is due to the crystallization process
(cold crystallization) of PLA. As the cold crystallization enthalpy
(ΔHcc) value is comparable to melting enthalpy (ΔHm) within experi-
mental errors, the crystallization of PLA upon cooling is negligible. The
presence of PCL increased the cold crystallization temperature (Tcc) of
PLA, but the addition of CT copolymer made this effect less pro-
nounced. A possible explanation for the increase in the cold crystal-
lization temperature of the PLA matrix in non-compatibilized blends is
the reduction of the driving force for crystallization process caused by
the presence of the PCL. The reduction in the driving force shifts the
cold crystallization to higher temperatures, as shown in Fig. 5(b).

The addition of CT copolymer seems to compensate for the PCL
effect on the PLA crystallization process because the compatibilizer
probably acts as a nucleation agent and reduces the PLA cold crystal-
lization temperature.

The endothermic peak at approximately 150 °C is attributed to the
melting process of the PLA crystalline phase. However DSC thermo-
grams of the neat PLA, PLA20PCL, PLA10PCLCT and PLA20PCLCT
show two endothermic peaks related with the PLA melting. There are
some explanations for the double melting peaks phenomenon in the
literature. PLA can crystallize into two different crystal structures. The
α-form that melts at higher temperature and the β-form that melts at
lower temperature (Zhou et al., 2006; Yasuniwa et al., 2006). The
presence of the two endothermic peaks can also be explained by the
growth of small crystals, which at low heating rates there is enough
time for these small crystals to melt and recrystallize before melting
again (Di Lorenzo, 2006; Gui et al., 2013). Shan et al. (2010) suggest
the peak located at a higher temperature is a result of the melting of the
thicker lamellae, possibly generated during the injection molding
process. In contrast, the lower temperature peak is related to the
crystallization of the sample during the annealing process.

Luyt and Gasmi (2016) studied the influence of PCL on the
crystallization process of PLA in PLA/PCL blends by DSC and
StepScan DSC. Standard DSC experiments showed only one endother-
mic peak at 150 °C for all blend compositions due to the melting of
PLA. However, StepScan analyses revealed a complex overlap of
endothermic and exothermic peaks between the reversible and irre-
versible components in the 140–160 °C temperature range, strongly
influenced by the cold crystallization of PLA. The authors concluded
PCL influences the cold crystallization mechanism of PLA.

According to Fig. 5(b), for PLA/PCL blend with low PCL concen-
tration, the melting of PLA exhibited only one endothermic peak, while
blends containing higher PCL concentrations resulted in two melting
peaks. Besides the influence of PCL, the results suggest its concentra-
tion exerts a remarkable effect on the cold crystallization mechanism
and melting process of PLA.

The evaluation of the CT effect on the cell viability is also important
in PLA/PCL blends for biomedical applications, particularly prepared
by non-reactive compatibilization such as in this study. XTT assay has

Table 4
DSC data of PLA, PCL and PLA/PCL blends.

Sample Cooling curves Second heating curves

PLA PCL PCL PLA

Tg (°C) Tc (°C) ΔHca (J/g) Tm (°C) Tcc (°C) ΔHcca (J/g) Tm (°C) ΔHma (J/g)

PLA 57 – – – 108 22 147–154 24
PLA5PCL 57 22 16 56 124 13 151 15
PLA10PCL 56 16 34 56 120 26 150 27
PLA20PCL 57 27 23 55 116 22 148–153 23
PLA5PCLCT 53 21 38 53–56 119 29 150 28
PLA10PCLCT 53 16 33 53–56 110 29 147–153 28
PLA20PCLCT 56 26 39 54–56 111 26 148–153 25
PCL – 30 51 57 – – – –

a Enthalpy values were normalized by the weight fraction of each polymer in the blend.
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been used as a routine tool in cell quantification to study the
cytotoxicity of the materials since it measures the metabolic activity
of cells (Silva et al., 2008). The Chinese hamster ovary (CHO) cell line
has been widely used for studies measuring the cytotoxicity and
genotoxicity of drugs (Yalkinoglu et al., 1990). The measurements
were only performed in PLA/PCL blends with 20 wt% of PCL due to the
good balance between toughness and ductility. Cell viability evaluated
by XTT showed that no statistical differences were found between
PLA20PCLCT and the negative control (NC), indicating it did not
exhibit cytotoxicity (Fig. 6). Indeed, since the PLA20PCLCT showed
115,2% of viability it means that it promoted slight higher viability
than the NC. On the other hand the PLA20PCL resulted in 73,3% of
viability, demonstrating a slight damage to the mitochondrial activity
of the CHO cell, but significantly lower than doxorubicin, a potent
chemotherapy, and typical positive control (PC) for cytotoxicity tests.
Cell viability was scored according to the method of Sjögren et al.
(2000). If cell viability exceeded 90%, the material was deemed non-
cytotoxic. For cell viability at 60–90% range, the material was regarded
as slightly cytotoxic.

4. Conclusions

CT copolymer is an efficient alternative of non-reactive compatibi-
lization of immiscible PLA/PCL blends. The size of PCL droplets in
compatibilized blends remained practically constant, regardless of the
dispersed phase concentration. The addition of 5 wt% of CT copolymer
enhanced the ductility of the blends at room temperature, mainly for
blends with 5 wt% PCL. The toughness of compatibilized PLA/PCL
blends was also improved, but in this case the improvement was
greater for blends with high PCL concentration. Compatibilized PLA/
PCL blends showed no cytotoxic effect, which indicates they are
promising for use in biomedical applications, particularly as temporary
absorbable implants.
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