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a b s t r a c t

Scaffold degradation behavior is one of the main aspects to be considered in tissue engineering appli-
cations. The hydrolytic in vitro degradation of compliant biomimetic electrospun bilayered vascular grafts
made of poly(L-lactic acid) and segmented poly(ester urethane) blends was studied. Two polymeric
blends were selected based on the natural arteries collagen and elastin composition, structure and
functionality. The variation of molecular weight, and thermal and surface properties of the blends and
their plain polymers, were analyzed and related to the structural and morphological changes taking place
during degradation. The low initial crystallinity and high hydrophilicity of the blends, along with a
synergetic outcome produced by blending, led to a higher molecular weight loss. Even more, it was
observed that a bilayered graft made from these blends would degrade evenly as a whole. Moreover, the
degradation time was found to match with the required for the regeneration processes. These facts make
them encouraging for a future application as degradable small-diameter vascular constructs.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Tissue engineering emerged as a multi- and interdisciplinary
approach to overcome the limitations of traditional therapies for
the treatment of organ failure or replacement. When considering
tissue engineering classical paradigm, a biomaterial is typically
used in the form of scaffold, which brings the final form of the
regenerating tissue and provides biological and mechanical signals.
Artificial extracellular matrices (ECMs), among other properties,
have to be bioresorbable. They carry out a temporary function and
permit the production of natural ECMs by the implanted or
migrated cells. Therefore, biocompatibility, degradation rate and
material properties evolution during its degradation are crutial
factors in tissue engineering, since they influence the cellular
behavior, tissue growth, local homeostasis and biomechanical
microambient. Ideally, the scaffold degradation rate should be
synchronized with the tissue regeneration rate, i.e. go along with
the tissue growing process [1e3].

Polymers degradation rate depends on various parameters
closely related to their degradation mechanism, as the molecular
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weight, polydispersity, crystallinity, crystal orientation and
morphology, and glass transition temperature [4e6]. Polymer
blends offer a simple means of combining the properties of two
materials to achieve a new one. Blending two polymers with
different degradation profiles may serve as a strategy to achieve a
desirable rate of degradation [7e10], or to tune physical, mechan-
ical or surface properties [11e14]. For the former case, the
composition and microstructure of the present phases as well as
the miscibility and compatibility of the blended components are
key parameters influencing the resulting degradation rate.

Aliphatic polyesters, such as poly(ε-caprolactone) (PCL), poly(L-
lactic acid) (PLLA) and poly(glycolic acid) (PGA), as well as their
copolymers and blends, are approved by U.S. Food and Drug
Administration (FDA) and usually chosen as synthetic biodegrad-
able polymers for tissue engineering applications. These biocom-
patible polymers present a semicrystalline structure and good
electro-spinnability [15,16]. Among them, PLLA has a mechanical
response similar to collagen [17], with a high elastic modulus
required to withstand high pressure and stresses, thus preventing
collapse or degradation until the tissue develops and matures
in vivo. Its degradation process occurs by hydrolysis, leading to a
decrease in the macromolecules average length when water reacts
with the ester unions present in the polymeric chains [18e20]. This
process involves different stages. Firstly, the amorphous regions
react with water molecules since their segments are more flexible.
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This leads to an increase in chain mobility that reorganizes in new
more defective crystals. Secondly, the degradation rate can be
accelerated because of the autocatalytic effect caused by the acidic
nature of the generated carboxylic end-groups. Finally, hydrolysis
takes place at the crystalline regions. Cha et al., Hiljanen-Vainio
et al., and Gaona et al. studied different strategies for tailoring
PLLA degradation rates when blended with PCL, poly(glycolic acid-
co-L-lactic acid) (PGLA), and poly(ε-caprolactone-co-L-lactide) (PCL/
LLA) polyesters [8,9,21].

Segmented polyurethane (SPU) thermoplastic elastomers con-
sisting of alternating soft and hard segments can be designed to
obtain excellent mechanical properties, such as tensile strength and
good compliance, and biocompatibility [22,23]. Considering mainly
their viscoelastic compliant nature, SPUs provide an elastin-like
mechanical behavior [24,25]. Taking advantage of this nature, and
also the possibility to fine tune their degradation behavior (based
on the degradation mechanism and rate), the precise design and
use of bioresorbable SPUs for soft tissue engineering was encour-
aged [26]. Soft segments are usually employed to introduce
chemical bonds susceptible to degradation, and therefore
customize the material degradation rate. Oppositely, hard seg-
ments are often degraded through enzymatic mechanisms.
Although degradation mechanisms depend on both the SPU soft
and hard segments, there are certain mechanisms common to the
majority of bioresorbable polyurethanes. In general, ester bonds are
hydrolyzed in a-hydroxy acid oligomers as degradation products, as
well as in fragments containing urethane and urea with acid ter-
minal groups. The composition of the prepolymer or macropolyol
has shown to control the in vitro degradation rate [23]. When soft
segments are composed of ester derivatives, the degradation pro-
cess is mainly the same as the onementioned before for PLLA. It has
been observed that SPUs with amorphous soft segments degrade
faster than others with semicrystalline soft segments. Additional
degradation of urethane and urea groups to free polyamines could
take place, depending on the used diisocyanate [23].

Electrospinning emerged as a versatile processing technology to
obtain porous structures with high surface to volume ratio that
mimics the natural ECM. The technique allows the formation of
different fibermorphologies and orientations, as well as geometries
such as tubular structures for vascular tissue engineering. It was
reported that electrospun structures exhibit different thermal,
surface, and mechanical properties compared to their bulk coun-
terparts [27e29]. Even more, the nanofibrous structure could also
influence the polymer degradation rate. It was reported that porous
materials or thin films exhibit a slower degradation rate than their
thick bulk counterparts. It is believed that the degradation products
with acid terminals can diffuse easily through these materials,
leading to an absence of autocatalytic effect. On the other hand, a
nano-object which consists of only a few polymeric chains and
presents a high area to volume relation, should present a faster
degradation rate. Thus, the degradation rate for nanostructured
materials is the result of a competition between both effects [21,30].
Some groups studied the hydrolytic degradation process of nano-
fibrousmembranes based on electrospun polyesters, polyurethanes
and some polyester blends [18,19,30e35]. However, these works
were focused almost exclusively on the mechanism of degradation
and the scaffold stability of plain polymer nanofibers. Moreover,
when blending was performed to tailor the degradation rate, their
behavior evaluation was limited to short periods of time (up to 7
weeks) [10,18,32].

PLLA, a segmented poly(ester urethane) (SPEU), and their
blends, were previously considered in our group for vascular tissue
engineering applications. The blend ratios were chosen in order to
mimic the structure of natural arteries media and adventitia layers
and their characteristic mechanical response; bilayered vascular
grafts were developed [36]. These grafts exhibited a compliant
biomimetic performance and an excellent behavior under physio-
logical condition [17,37e40]. To the best of our knowledge, the ef-
fect of blending PLLA and a SPEU on their degradation behavior has
not been reported before. Thus, the hydrolytic degradation of these
materials is studied in this work. Moreover, the time scale of the
assay was foreseen in accordance to the vascular tissue regenera-
tion rate. The variations on thermal and surface properties were
studied and related to the structural and morphological changes
taking place during degradation.

2. Materials and methods

2.1. Materials

PLLA (PLA2002D Mn ¼ 78.02 kg mol�1, Mw ¼ 129.91 kg mol�1,
IP ¼ 1.67, 99.6% L-lactic acid sequences, and a 37.6% crystallinity
degree) was obtained from Natureworks, MN, USA). PHD, a bio-
resorbable SPEU was synthesized in our laboratory. Dichloro-
methane (DCM) and N,N-dimethylformamide (DMF) were acquired
fromAnedra (BA, Argentina). Tetrahydrofuran (THF) was purchased
from Cicarelli (Santa Fe, Argentina). 2,2,2-trifluoroethanol (TFE)
was purchased from Sigma-Aldrich (MO, USA). All solvents were
analytical grade and were used as received.

2.2. Methods

2.2.1. Synthesis of segmented poly(ester urethane) PHD
PHD was synthesized from an aliphatic diisocyanate, an

aliphatic polyester, and a novel aromatic chain extender according
to previously reported procedures [25]. Briefly, PCL diol
(Mn ¼ 2.250 kg mol�1) was prepared by ring opening polymeri-
zation of ε-caprolactone initiated by triethylene glycol. A tyrosine
derivative was used as diesterediphenol chain extender. This
compound was synthesized by a Fischer esterification reaction
between 3-(4-hydroxyphenyl)propionic acid (desaminotyrosine)
and ethylene glycol (2:1 mol ratio) catalyzed by p-toluene sulfonic
acid in refluxing toluene. The reaction was driven toward
completion by using a Dean-Stark apparatus to trap the evolved
water. PHD was obtained by a two-step polymerization method.
Briefly, PCL diol was reacted with HDI in a 1:2.01 M ratio at 80 �C in
anhydrous N,N-dimethylacetamide (DMAc) under stirring and ni-
trogen atmosphere. The prepolymerization reaction proceeded in
presence of dibutyltindilaurate as catalyst (0.1% wt of macrodiol)
for 1 h, and then the solutionwas concentrated. The chain extender
was previously dissolved in DMAc and added at a molar ratio 1:1
with respect to the prepolymer. Chain extension reaction pro-
ceeded for 6 h at 80 �C. The resulting slurry was precipitated over
cold distilled water. Then, the polymer was washed and dried un-
der vacuum. The number average (Mn) and the weight average
molecular weight (Mw), as determined by gel permeation chro-
matography (GPC), were 25.16 kg mol�1 and 58.47 kg mol�1

respectively, and the polydispersity index (PI) was 2.32.

2.2.2. Electrospinning
Small-diameter electrospun tubular structures were obtained

according to previously reported conditions [36]. Tubular scaffolds
were prepared from PLLA, PHD and two different blends of PLLA/
PHD with 90/10 and 50/50 wt/wt ratio, named B90/10 and B50/50,
respectively. B90/10 blend was selected to mimic natural arteries
adventitia layer, whereas B50/50 blend intended to mimic the
media layer. In this way, a bilayered vascular graft with an outer and
inner layer composed of B90/10 and B50/50, respectively, was
prepared [36]. The electrospinning setup includes a programmable
syringe pump (Activa A22 ADOX S.A., Argentina) to control the flow
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rate, a high-voltage power source (ES30P, Gamma High Voltage
Research Inc.), and a grounded auxiliary aluminum collecting plate.
A small-diameter rotating mandrel was used to collect the nano-
fibers. All experiments were carried out at room temperature in a
chamber with a ventilation system. A 10% wt/v solution concen-
tration (C) in DMF/DCM at 40/60 ratio, a voltage (V) of 13 kV, a
needle-to-collector distance (d) of 15 cm, a flow rate (f) of 0.5 mL/h,
and a rotational velocity (r) of 1000 rpm were used for the prepa-
ration of PLLA scaffolds. A PHD solution in TFE at C ¼ 25% wt/v was
processed at V ¼ 13 kV, d ¼ 15 cm, f ¼ 1 mL/h, and r ¼ 1000 rpm to
prepare PHD scaffolds. A total C¼ 20%wt/v in TFEwas used for B50/
50, and 15% wt/v in TFE for B90/10. The electrospinning parameters
used were V ¼ 13 kV, d ¼ 15 cm, f ¼ 1 mL/h, and r ¼ 1000 rpm for
B50/50; and V ¼ 13 kV, d ¼ 15 cm, f ¼ 0.5 mL/h, and r ¼ 1000 rpm
for B90/10.

2.2.3. in vitro hydrolytic degradation
The hydrolytic degradation of electrospun grafts based on PLLA,

PHD, and B50/50 and B90/10 blends was studied in vitro during 34
weeks. Slices of approximately 10 mg were cut and placed in vials
containing 5 mL of phosphate buffer solution (PBS, pH ¼ 7.4). PBS
was prepared fromNaCl 0.137mol L�1, KCl 0.0027mol L�1, Na2HPO4
0.01 mol L�1, KH2PO4 0.0018mol L�1 and NaN3 0.05% wt/v. Samples
were incubated at 37 ± 1 �C and taken out at 1, 2, 3, 5, 8, 16, 24 and
34 weeks. pH was measured after each sample extraction and kept
between 7.4 ± 0.5.

2.3. Characterization

2.3.1. Gel permeation chromatography (GPC)
PLLA and PHD average molecular weights (Mw, Mn) and poly-

dispersity index (PI) were determined by gel permeation chroma-
tography (GPC) at each degradation time. A chromatograph
(Waters, Special Solvents (DMA) Empower Software) equipped
with a refractive index detector (2414Waters), and a three-column-
arrangement (Polymer Standards Services GPC: 1 X GRAM
Analytical 30 Å, 10 mm; and 2 X GRAM Analytical 1000 Å, 10 mm) at
35 �Cwas used. Poly(methylmethacrylate) (PMMA) standards were
used for calibration. DMAc with LiBr (0.42 g/mL) was used as
elution solvent. Studies were performed at 1 mL/min flux rate, with
a 0.25 mg/mL concentration, and a 100 mL total volume. The mo-
lecular weight variationwas expressed as relativemolecular weight
(Mnr), according to equation (1),

Mnr ¼ (1 � (Mn0 � Mnt)/Mn0) * 100 (1)

where Mnt indicates the molecular weight at a given time and Mn0
is the molecular weight before degradation. When analyzing the
molecular weight of the polymer blends, PLLA and PHD elution
peaks were overlapped, therefore their deconvolution was not
possible. Consequently, the peak corresponding to both PLLA and
PHD was analyzed as a whole, and apparent Mn, Mw and PI were
determined. Their variation over degradation time was analyzed in
a similar way.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) spectra using

attenuated total refractance (ATR) mode were recorded at room
temperature using Nicolet 6700 (Nicolet Instruments Inc., WI, USA).
FTIR spectra were obtained over a range of 450e4000 cm�1 at a
resolution of 2 cm�1. PLLA spectra were normalized to 868 cm�1,
identified as the CeC(O)O stretching mode, which was the least
affected peak throughout the whole PLLA degradation process. In
the case of PHD spectra were normalized by the CH2 band at
2930e2940 cm�1. It was not possible to find an accurate peak for
normalization of the polymer blends.

2.3.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analysis of PLLA, PHD,

and B50/50 and B90/10 blends was carried out with a Perkin-Elmer
Pyris 1 calorimeter (Perkin-Elmer, USA) under nitrogen atmo-
sphere. An initial heating rate of 10 �C/min from �60 �C to 220 �C
enabled the data collection after degradation. Then, the sample was
cooled down at 10 �C/min up to �60 �C to study the crystallization
from the melt state. The crystallinity degree (Xc) was calculated
during heating according to equation (2) for each phase of the
blend, considering the melting heat for pure crystals of PLLA and
PHD, DHm

�
PLLA ¼ 93 J g�1 [41] and DHm

�
PCL (PHD soft segments)

148.05 J g�1 [42], respectively.

Xc% ¼ ((DHm � DHc)/DHm
�) * 100 (2)

The glass transition (Tg), crystallization (Tc) and melting tem-
perature (Tm); crystallization (DHc) andmelting enthalpy (DHm); Xc
and the possible changes in these thermal events due to the hy-
drolytic degradation, were evaluated.

2.3.4. Contact angle
The contact angle of water droplets (5 mL) on dry membrane

pieces was measured with a ram�e-hart 250 goniometer (ram�e-hart
Co.; USA) and analyzed by using the ram�e-hart software. Fifteen
measurements were recorded in 300 s, after 1 min of droplet
estabilization. Contact angle of PLLA, PHD, and B50/50 and B90/10
blends was measured as a function of time at each degradation
time.

2.3.5. Scanning electron microscopy (SEM)
Morphology of the PLLA, PHD and B50/50 and B90/10 blends

tubular structures was observed in a scanning electron microscope
(SEM) (JEOL, model JSM-6460LV, Japan) after gold sputtering.
Samples were characterized at 0, 1, 16 and 34 weeks, and processed
with image processing software (Image Pro Plus; Media Cyber-
netics Inc., USA). The diameter of 100 nanofibers per sample was
measured in order to obtain a meaningful statistical value.

3. Results

3.1. Molecular weight evaluation by GPC and FTIR analysis upon
in vitro degradation

Average molecular weights and PI were obtained by GPC as a
function of degradation time for the different electrospun vascular
grafts (Fig. 1 aeb). As expected, Mn decreased with degradation
time. During the first eight weeks, different degradation rates were
observed among the studied grafts. Both blended grafts experi-
enced a faster Mn decrease. After this period, all materials showed
similar degradation rates. However, the dissimilar degradation
rates during the first weeks determined the differences in the
molecular weight loss among the materials at 34 weeks.

A total Mn reduction of 59%was observed for PLLA grafts after 34
weeks. On the other hand, PI was maintained around 1.7 during the
first 16 weeks, displaying an increase in the last weeks of degra-
dation. PHD exhibited a 63% of Mn loss after 34 weeks, being its
degradation rate slightly higher than the obtained for PLLA at the
first weeks. A PI around 2 was found along the whole studied
degradation period for these grafts.

The presence of new end-groups produced by PLLA or PHD
chain cleavage upon degradation was not evidenced by FTIR for
these grafts (Fig. 2 a). PLLA showed a characteristic FTIR spectrum,
which did not change significantly during degradation, the same
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Fig. 1. PLLA, PHD, B90/10 and B50/50 blends electrospun grafts relative molecular weight (%) (a), and PI (b) at different hydrolytic degradation times.

Fig. 2. FTIR spectra for a) PLLA (1) and PHD (2); b) B90/10 (1) and B50/50 (2) blends.

Table 1
PLLA thermal properties at different degradation times.

Time
(weeks)

Heating Cooling

Tg
(�C)

Tc
(�C)

DHc

(J g�1)
Tm
(�C)

DHm

(J g�1)
Xc

a

(%)
Tc
(�C)

DHc

(J g�1)

0 63.6 87.2 16.1 154.5 34.3 19.6 e e

1 64.4 86.1 12.3 154.5 34.0 23.3 e e

2 64.5 85.9 11.3 154.3 32.7 23.0 e e

3 63.5 85.5 11.5 154.6 33.9 24.0 e e

5 63.9 86.1 10.2 155.2 32.6 24.1 e e

8 63.6 85.5 11.9 154.8 33.3 23.0 e e

16 62.8 85.0 11.5 154.2 34.1 24.3 e e
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result was observed previously in literature [30]. Although, the
intensity of carbonyl peak was modified upon degradation, care
must be taken in evaluating this band as the lactic acid carboxyl
groups formed on hydrolysis of PLLA have a strong absorbance at
1718 cm�1, and this band overlaps the carbonyl bands centered at
1750 cm�1 [43,44]. Consequently, it is not possible to evaluate the
kinetics of ester hydrolysis from the changing areas of these com-
posite ester bands without deconvoluting the carbonyl band into its
various components [45]. In a similar way, PHD carbonyl band
(1720 cm�1) could be overlapped with its acid band at 1715 cm�1,
which resulted in an unmodified FTIR spectrum upon degradation.

In comparison with the plain electrospun components, a higher
Mn decrease was observed for B50/50 (74%) and B90/10 (90%)
blends. This behavior was a consequence of the higher degradation
rate observed during the first 8 weeks. Unfortunately, the individ-
ual degradation rate of each polymer in the mixture could not be
experimentally determined by analyzing the blend elution peak as
the one of a pure polymer. On the other hand, the analysis of PI of
degraded blends could not be performed due to peaks overlapping
hinders further studies. Although FTIR analysis was also performed
on the blends (Fig. 2 b), it was not possible to find an accurate peak
for normalization for comparison purposes. Again, no new end-
groups were detected.
3.2. Thermal properties evaluation by DSC upon in vitro
degradation

Tables 1 and 2 present the thermal properties of PLLA and PHD
electrospun grafts and their variations during hydrolytic
degradation.

Only PLLA exhibited a crystallization event during heating,
displaying a decrease in Tc and DHc with degradation time, while Tg
and Tm showed minor variations. No crystallization was observed
24 64.0 85.3 11.5 155.0 33.9 24.0 e e

34 62.3 84.6 8.2 155.0 31.8 25.4 e e

a Xc was obtained considering DHm ¼ 93 J g�1 for 100% crystalline PLLA [41].



Table 2
PHD thermal properties at different degradation times.

Time
(weeks)

Heating Cooling

Tg,s
(�C)

Tm,s

(�C)
DHm,s

(J g�1)
Xc,s

a

(%)
Tc,s
(�C)

DHc,s

(J g�1)

0 �51.6 39.9, 43.9, 57.0 53.5 36.2 �10.38, 27.09 �34.9
1 �55.2 40.3, 48.8 58.7 39.7 �14.03 �30.7
2 �53.8 40.6, 47.6, 49.3 47.1 31.8 �13.14 �33.0
3 �54.4 40.8, 48.8, 50.5 50.8 34.3 �12.91 �35.8
5 �53.7 41.3, 48.8, 50.6 49.8 33.6 �12.95 �30.2
8 �54.5 41.3, 49.8, 51.8 55.7 37.6 �12.57 �29.9
16 �55.3 40.0, 52.3 58.9 39.8 �10.87 �34.9
24 �54.8 39.3, 50.7, 52.5 66.7 45.0 �8.92 �33.9
34 �55.4 39.8, 50.7, 52.5 70.0 47.3 �0.50 �37.7

a Xc was calculated considering DHm ¼ 148.05 J g�1 for pure high molecular
weigth PCL (PHD soft segments) [42].
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during cooling. PHD displayed an initial decrease in Tg,s, remaining
essentially constant after the first week. Moreover, PHD exhibited
two soft segment melting peaks: the lower temperature peak dis-
played a decrease in the onset temperature with increasing
degradation time, while the higher temperature one melted at
lower temperatures. During cooling, PHD soft segments crystallized
with a range of crystallization temperatures from 0 to �14 �C. The
crystallization enthalpy remained approximately constant with
degradation time, showing the same capacity to crystallize of the
PHD chains. However, the crystallization temperature moved to-
ward higher values.

Crystallinity was the property exhibiting the most significant
changes, displaying a 20%-increase for PLLA and a 10%-increase for
PHD during the first week. A further increase in crystallinity was
observed with degradation time, being more marked for PHD soft
segments since week 5. A decrease in DHmwas observed for PLLA at
week 34, along with an increase in Xc.

Tables 3 and 4 present the thermal events for B90/10 and B50/50
blends electrospun grafts during hydrolytic degradation. Signifi-
cant changes in their thermal behavior and thermal properties
were appreciated.

Thermal events associated to PHD were only detected in B50/50
during heating. Both blends displayed a decrease in PLLA-related
DHc with degradation time, more pronounced for B50/50. While
this behavior became more evident at week 34 for B90/10, the
exotherm almost disappeared at this degradation time for B50/50.
Moreover, PLLA Tc also exhibited variations for both blends, with no
apparent trend for B50/50, and a decrease with degradation time
for B90/10, but showing higher values than plain PLLA for all
degradation times. PLLA-related Tg decreased during degradation
for B90/10 blend, and did not follow a trend for B50/50. Moreover,
Tg,s was only observed for B50/50 grafts and slightly increased with
Table 3
B90/10 blend thermal properties at different degradation times.

Time
(weeks)

Heating

Tg PLLA
(�C)

Tc PLLA
(�C)

DHc PLLA
(J g�1)

Tm PLLA
(�C)

0 61 90.2 14.1 151.6, 154.
1 61.5 97.3 12.0 155.3
2 62.4 91.0 13.5 154.7
3 61.4 90.9 10.4 154.9
5 61.0 92.6 11.9 155.8
8 59.5 92.9 10.7 155.8
16 58.7 88.6 10.6 155.2
24 54.5 87.3 12.4 155.4
34 44.4 87.6 6.7 155.0

a Xc was obtained considering DHm ¼ 93 J g�1 for 100% crystalline PLLA [41].
degradation. No changes in PLLA-related Tm were appreciated for
B90/10 and B50/50 blends during the degradation process. How-
ever, the onset of the melting peak shifted toward lower temper-
ature values with degradation time. This effect was sharper for B50/
50 blend, evidencing also the appearance of a second peak at a
lower melting temperature at week 34. On the other hand, PHD
exhibited a double Tm peak related to soft segment domains (Tm,s)
in B50/50 blend. The lower peak displayed an upshift of about 20 �C
after the first week, evidencing no relevant changes with further
degradation.

Crystallinity exhibited significant changes with degradation
time for both blends. B90/10 and B50/50 blends displayed an in-
crease in PLLA-related crystallinity after the first week of hydrolytic
degradation, following the same behavior than PLLA plain grafts. A
second increasewas observed after week 5 and 3, respectively. B50/
50 blend exhibited also a slightly rise in PHD soft segment crys-
tallinity, which became more pronounced after 8 weeks of degra-
dation. Finally, a decrease between 5 and 15% occurred after week
24 for PLLA phase in both blends.

As observed for plain polymers, only PHD crystallized during
cooling in both blends. The presence of PHD was evidenced also in
the B90/10 grafts. Even more, the DHc at the first weeks of degra-
dation was approximately the same as the value observed for plain
PHD grafts, showing the same capability to crystallize. It was re-
ported that even though the molecular weight decreases, the mass
remains almost constant during the first 6 months for PHD and
PLLA [30,46]. Therefore despite the different degradation rate of
each polymer in the blend, the use of the original mass ratio in the
calculations introduces only slight variations in the thermal prop-
erties. This explains the observed DHc values. At higher degradation
times PHD crystallization did not occur, indicating the impossibility
of its shorter degraded chains to crystallize. This event was
observed earlier for B90/10 grafts which were the ones showing the
higher molecular weight loss during degradation.

3.3. Surface properties evaluation by contact angle and SEM upon
in vitro degradation

The hydrophilicity and microstructure modification upon
degradation were analyzed. Fig. 3 presents the obtained values for
the water contact angle of PLLA and PHD grafts. PLLA kept a hy-
drophobic behavior until week 16 of degradation. A large disper-
sion in contact angle values was found at the 24th week, which
could be attributed to a transition between degradation stages.
Finally, at the 34th week the electrospun grafts turned completely
hydrophilic. On the other hand, PHD exhibited a hydrophilic
behavior during thewhole degradation process. After 34 weeks, the
contact angles could not be measured due to sample fragmentation
and lack of mechanical integrity.
Cooling

DHm PLLA
(J g�1)

Xc PLLAa

(%)
Tc,s PHD
(�C)

DHc,s PHD
(J g�1)

4 31.2 18.3 �9.56 �38.1
35.0 24.8 �6.75 �30.2
39.3 27.8 �5.72 �33.4
34.1 25.5 �5.25 �34.9
34.8 24.7 �6.13 �30.8
35.4 26.6 �6.08 �31.5
38.7 30.2 e e

46.1 36.3 e e

38.3 34.0 e e



Table 4
B50/50 blend thermal properties at different degradation times.

Time
(weeks)

Heating Cooling

Tg PLLA
(�C)

Tg,s PHD
(�C)

Tc
PLLA
(�C)

DHc PLLA
(J g�1)

Tm PLLA (�C) DHm PLLA
(J g�1)

Xc PLLAa

(%)
Tm,s

PHD
(�C)

DHm,s PHD
(J g�1)

Xc PHDb

(%)
Tc,s PHD
(�C)

DHc,s PHD
(J g�1)

0 55 �59 83.4 9.1 153.7 33.6 26.4 25.4, 52.7 18.5 16.4 �11.17 �26.8
1 59.5 �56.1 80.0, 82.0 2.8 153.5 44.6 45.0 43.3, 56.1 25.92 17.51 �13.45 �29.8
2 57.9 �55.3 80.0, 81.9 2.6 154.0 43.3 43.7 42.4, 46.3 19.53 13.19 �12.21 �34.0
3 63.8 e 86.6 7.0 154.9 40.5 36.0 42.8, 51.7 26.68 18.02 �11.45 �38.2
5 59.6 �54.8 81.0, 82.2, 83.2 2.0 154.3 43.9 45.0 42.3, 48.9 25.76 17.40 �9.88 �34.0
8 57.2 e 79.8 1.3 154.6 46.5 48.6 42.0, 48.0 21.92 14.80 �7.16 �39.0
16 60.1 e 84.9 0.3 153.6 50.1 53.6 42.3, 49.5 36.85 24.89 �5.34 �38.1
24 57.9 e e e 152.7 52.4 56.4 38.8, 47.7 44.37 29.97 �9.92 �3.0
34 58.5 e e e 139.6, 149.9 45.0 48.4 38.8, 49.8 49.85 33.67 e e

a Xc was obtained considering DHm ¼ 93 J g�1 for 100% crystalline PLLA [41].
b Xc was calculated considering DHm ¼ 148.05 J g�1 for pure high molecular weigth PCL (PHD soft segments) [42].
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Fig. 3. Contact angle measurements as a function of time for a) PLLA and b) PHD electrospun vascular grafts at 0 (-), 1 (C), 2 (:), 3 (A), 5 (<), 8 (,), 16 (B), 24 (D) and 34 (◊)
degradation weeks.
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B90/10 and B50/50 blends displayed an increase in hydrophi-
licity with degradation time (Fig. 4). Indeed, the water droplet was
completely absorbed before 5 min for all the degraded samples. For
B90/10 blend, the contact angle decreased abruptly to a value
around 20� after the first week, and thewater droplet was absorbed
during the stabilization time since week 8. For B50/50 blend, the
contact angle decreased less steeply with degradation time until
reaching a value around 30� and remained constant from the third
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Fig. 4. Contact angle measurements as a function of time for a) B90/10 and b) B50/50 blen
degradation weeks.
week of degradation on. After 24 and 34 weeks, the water droplet
was immediately absorbed.

SEM micrographs display the nanofibrous morphology (Fig. 5),
and Table 5 shows the fiber mean diameter upon degradation for all
grafts. No significant differences were detected in the fiber size for
PLLA nor for B90/10 grafts (p < 0.05) after 34 weeks. On the other
hand, PHD and B50/50 grafts showed a significant decrease in fiber
diameter with degradation time (p < 0.05), beingmore pronounced
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Fig. 5. SEM micrographs for PLLA (a, b, c), PHD (d, e, f), B90/10(g, h, i) and B50/50 (j, k, l) blends electrospun grafts as a function of degradation time, at 0 (a, d, g, j), 16 (b, e, h, k) and
34 (c, f, i, l) weeks.

Table 5
Mean fiber diameters for the electrospun grafts after 0, 1, 16 and 34 weeks of
degradation.

Samples Mean diameter (nm)

0 week 1 week 16 weeks 34 weeks

PLLA 383 ± 103 375 ± 138 390 ± 119 407 ± 118
PHD 687 ± 290b,c 641 ± 413 515 ± 252 558 ± 284
B90/10 410 ± 124a,b 463 ± 170 359 ± 122f 425 ± 129
B50/50 754 ± 210a,b,c 590 ± 232d 619 ± 199f 532 ± 235

a,b,c significant differences (p < 0.05) between the measured diameter before and
after 1, 16 and 34 weeks of degradation, respectively.
d,e significant differences (p < 0.05) between the measured diameter at 1 week
respect 16 and 34 weeks.
f significant differences (p < 0.05) between the measured diameter at 16 weeks
respect 34 weeks.
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for PHD after 16 and 34weeks. Both PHD and B50/50 samples broke
into pieces during manipulation and showed lack of mechanical
stability in the last weeks of the degradation study, consistently
with the structural weakening caused by the fibers thinning.
Besides the significant change observed in PHD and B50/50 fiber
diameter, the samples maintained their nanofibrous structure.
4. Discussion

The degradationmechanism for electrospun PLLA is proposed in
Fig. 6 a. PLLA is believed to undergo different stages of hydrolytic
degradation. Besides, Zong et al. proposed a thermally induced
crystallization step as a previous stage in the electrospun PLGA
degradation mechanism, caused by an annealing process due to the
in vitro degradation temperature proximity to the polymer Tg [19].
A similar thermally induced stage is proposed for PLLA grafts,
where crystallization from amorphous domains in PLLA nanofibers
occurs and lamellar stacks are formed. Afterwards, it is known that
polyesters degradation begins with water diffusion into the amor-
phous regions, leading to random hydrolytic cleavage of ester
bonds. Mobility of polymer chains within the amorphous regions
increases after chain scission [18e20], cleavage-induced crystalli-
zation occurs and thinner more defective crystals are formed.
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Fig. 6. a) PLLA and b) PHD possible scission sites and degradation byproducts.
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Though the molecular weight drops at this stage, the shorter chains
generated are still hydrophobic and insoluble. Thus, they could
remain inside the nanofibrous structure and no appreciable
reduction in the sample mass takes place, as reported in the liter-
ature [30,46,47]. Later, the increase of acid end-groups in the
nanofibrous structure due to the degradation process accelerates
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the decrease in molecular weight. An autocatalytic effect takes
place, resulting in shorter and more hydrophilic polymeric chains.
Finally, the crystalline regions become susceptible to hydrolysis.

The first stage of thermally induced crystallization was evi-
denced by an increase in crystallinity, and the initial degradation
was indicated by a decrease in molecular weight, both at the first
week. It is unlikely that new crystals had been formed due to the
cleavage of amorphous domains after one week under hydrolytic
conditions. Moreover, the fact that DHc decreased while DHm
remained constant, suggests that annealing actually takes place.
The low relative molecular weight decrease agrees with this hy-
pothesis, suggesting additionally an early chain scission in amor-
phous regions. Therefore, an annealing process favored by an
aqueous medium could be responsible for the observed crystal-
linity increase in PLLA nanofibers. The hydrolysis of ester bonds at
amorphous regions continued in the following weeks. The hydro-
phobic nature of the grafts evidenced by contact angle until week
16, together with the fact that no change in the medium pH was
detected, could indicate that lower molecular weight chains with
acidic end-groups may remain trapped in the nanofibrous 3D
structure. Therefore, it is believed that an autocatalytic effect
occurred, leading to a faster molecular weight reduction. Indeed,
the lack of alteration of the nanofibrous structure after 34 weeks
suggests that the hydrolytic in vitro degradation process mainly
took place through acidic catalysis mediated by these shorter
chains inside the fibrous structure. The continuous increase in PLLA
crystallinity is due to crystallization of the more mobile shorter
chains from partially degraded amorphous regions. At advanced
assay times, the beginning of chain scission at the crystalline re-
gions can be identified by a drop of DHm. However, an increase in Xc
suggests that crystallization of the partially degraded amorphous
domains takes place simultaneously. Finally, the decrease in con-
tact angle values at 24th and 34th weeks indicates the formation of
short hydrophilic chains in agreement with the presence of oligo-
mers detected by GPC. Despite the evidences of PLLA chain cleavage
upon degradation, no significant acidic functional groups could be
detected in the FTIR spectra (probably due to their low content in
the sample surface), consistent with the proposed acidic catalysis
inside the fibrous structure.

PHD degradation is also produced by hydrolytic mechanisms,
involving ester groups from PCL soft segment and chain extender,
and urethane groups that connect soft-to-hard segments. Fig. 6 b
shows the possible scission sites and degradation byproducts. Even
though the scission sites differ from PLLA ones, the degradation
stages in PHD are similar.

The first stage of thermally induced crystallization previously
described for PLLA seems to have taken place to a lesser extent in
this case. In spite of the proximity of the in vitro degradation
temperature to Tm,s, hydrogen bonded hard segments may limit
chain mobility, displaying PHD a lower capacity than PLLA to go on
annealing. PHD presented a slightly higher molecular weight
decrease and a faster degradation rate than PLLA. The presence of
polar functional groups in PHD led to a hydrophilic behavior during
the whole degradation process, what could have been responsible
for a better water accessibility inside the nanofibers, and therefore
a higher chain scission rate. Moreover, chain cleavage occurred in
the amorphous regions, leading to an increase in chainmobility and
favoring a later crystallization. In fact, thermal analysis showed an
increase in PHD soft domain crystallinity with degradation time. In
a posterior stage, shorter insoluble chains with acid end-groups
accelerated the degradation process. The maintenance of the
nanofibrous structure and stable pH of the degradation medium
could indicate an autocatalytic stage. No signs of degradation at
crystalline regions were detected. Even though the percentage of
Mn loss was significant, PHD soft segments chains maintained their
capacity to crystallize during cooling. SEM analysis showed a sig-
nificant decrease in the fibers mean diameter after 16 weeks of
degradation, indicating surface erosion and possible diffusion of
some more hydrophilic shorter chains into the degradative me-
dium. This was consistent with the structural weakening observed
during sample manipulation and the large fluctuation of contact
angle values.

The higher degradation rate observed for B90/10 and B50/50
compared with the plain grafts could be attributed to the blend
formulation. It was reported that for polyester blend systems the
degradation rate of each component is modified by the presence of
the other [8]. In this way, the slower degrading polymer increases
its rate by blending with another with a higher degradation rate,
while the latter degrades slower due to the presence of the first. In
more recent works it was observed that the degradation rate of
electrospun polymers was increased by blending with a faster
degradable polymer [10,48]. Chung et al. proved the accelerated
degradation of PCL when blended with a PGA-PCL-PGA triblock
copolymer [10]. In our system, a similar synergistic outcome was
produced by blending, which led to a higher reduction in the
apparent molecular weight for both studied blends respect to the
plain polymers. It is suggested that this phenomenon occurs since
the faster degrading PHD accelerates the degradation process for
PLLA and itself in the blend. The local acidic environment produced
by insoluble cleaved chains, mainly from the faster degrading PHD,
exposes PLLA to an earlier and more pronounced degradation. In
the same way, this acidic medium (mainly generated from PHD
degradation) catalyzes not only PHD further degradation but also
PLLA degradation in the blend. This hypothesis could explain the
higher molecular weight reduction seen for both blends.

It is suggested that differences in crystallinity and hydrophilicity
observed due to blending could also affect the degradative behavior
of each component, as reported in previous studies [36]. In this way,
B50/50 blend grafts presented significantly lower soft domain
crystallinity than PHD grafts, together with a higher hydrophilicity,
which led to a faster degradation than plain polymer grafts.
Compared with B90/10 blend, B50/50 blend grafts showed a lower
degradation rate, probably due to its higher PLLA-related crystal-
linity and less hydrophilic behavior. On the other hand, B90/10
blend grafts presented lower initial PLLA-related crystallinity than
B50/50 grafts, which added to a high hydrophilicity, could have led
to the highest degradation rate among all the studied grafts. In
addition, the presence of amorphous PHD could have enhanced
water permeation, favoring the degradation process.

The higher hydrophilicity of the electrospun blends with respect
to the plain polymers was in agreement with the higher Mn
decrease detected. In fact, B90/10 presented the lowest contact
angle at the first week, consistently with its fastest degradation.
While crystallinity continuously increased for the plain polymers
grafts during degradation, a decrease at 34 weeks was observed for
the PLLA semicrystalline regions in both blends. This effect suggests
that PLLA enters in the final degradation stage when blended,
consistently with the higherMn diminution seen byGPC. The loss of
PHD soft segments crystallization in the blends during cooling at
advanced degradation times, indicates the impossibility of shorter
more defectuos chains to crystallize. This behavior was not
observed for plain PHD grafts, suggesting that PHD also suffer a
higher degradation when blended.

5. Conclusions

PLLA, PHD, and their blends presented a molecular weight
decrease of 60e90% after 34 weeks of hydrolytic degradation. The
blends displayed a higher Mn decrease than plain PLLA and PHD
grafts. The combined effects of low initial crystallinity and high
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hydrophilicity along with a synergetic outcome produced by
blending led to a faster degradation rate. All grafts exhibited an
increase in crystallinity with degradation time, but a further
decrease for PLLA-related Xc due to crystalline regions degradation
was only observed for the blends at advanced degradation times.
PHD phase also suffered a higher degradation when blended, evi-
denced by the impossibility to crystallize during cooling at
advanced degradation times. Moreover, both blends presented a
similar apparent Mn after 34 weeks. This fact suggests that a
bilayered vascular graft composed by inner and outer layers made
of B50/50 and B90/10, respectively, degrades as a whole at a rather
uniform rate, which is ideal for the desired application.

Tissue-engineering applications require coordination between
degradation and tissue regeneration rates. The fact that an in vitro
degradation process is slower than an in vivo one indicates that the
use of in vitro regeneration times for a vascular graft are required
for comparison purposes. This could be approximated as the time
required to produce a vascular graft through the cell-sheet tech-
nique, which was estimated to take place in around 8 weeks [49].
Both B50/50 and B90/10 blends underwent a significant molecular
weight loss after 34 weeks of in vitro degradation and became
stiffer and fragmented between 16 and 24 weeks. Considering that
these structures will be subjected to cyclic mechanical solicitations,
the grafts should maintain their integrity until the regenerating
tissue is able to withstand the pressure by its own. It could be
concluded that the in vitro regeneration time agrees with the
degradation time at which the grafts maintain their structural
integrity.

Overall, the obtained results present a very promising
perspective regarding the matching of regeneration and degrada-
tion processes. This finding makes them encouraging for future
in vivo studies and their actual performance as degradable small-
diameter vascular constructs.
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