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Abstract: A research on the thermally-activated shape memory behavior of electrospun
nanofibers based on polylactic acid (PLA) plasticized with its oligomer (OLA) was
conducted with the purpose of obtaining a suitable material to be used in potential
biomedical applications. Three different PLA-OLA formulations with 70:30, 80:20 and
90:10 ratios were processed by electrospinning and studied in order to decrease the PLA
glass transition temperature to a temperature closer to the human body. For each
electrospun formulation mat, the average diameter of electrospun fibers was found to be
757£193nm for neat PLA and 768+207nm, 620+121nm and 476+80nm for PLA-OLA
90:10, 80:20 and 70:30 ratios, respectively and correlate it with their mechanical
response. First of all, the PLA capability to present shape memory behavior even in
non-woven electrospun fibers form has been studied at 60°C. Thus, two values of
switching temperatures (45°C and 40°C) were selected in order to evaluate their shape
memory response, being temperatures close to the human body temperature. The
recovery and fixity ratio of PLA-OLA formulations studied here showed suitable shape
memory behavior of the electrospun systems with excellent values of strain fixity as
well as strain recovery ratios indicating these materials appropriate for potential

biomedical application.
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Highlights:
e PLA electrospun fibers showed thermally-activated shape memory response at
60°C.
e The thermal response of electrospun PLA fibers has been tailored to temperature
closer to the human body.
e Thermally-activated shape memory behavior is studied at 60°C, 45°C and 40°C.
e Electrospun PLA plasticized materials showed an excellent capability of fixing a

temporary form and recovering the original shape at 40°C.



1. Introduction
Shape memory polymers (SMPs) are a class of smart materials able to recover their
original shape from a previously temporary programmed shape when exposed to
external stimuli of different nature (temperature, moisture, pH, light...)[1-5]. Therefore,
the shape memory effect (SME) results from a combination of polymer chemistry,
morphology and specific processing condition. These materials possess a tremendous
potential in many fields as minimally invasive medical devices, actuators, sensors,
smart textiles and so forth[6,7].
Depending on the structure of the materials, a classification into shape memory blocks,
shape memory foams, shape memory fibers and shape memory films can be made[8,9].
Recently, SMPs with fibrous structure are gaining interest in applications that imply
contact with the human body such as smart textiles or scaffolds for regenerative
medicine[10]. In this sense, electrospinning process has been recognized as one of the
most attractive technologies to produce fibrous structures[11,12], thanks to the
advantageous high porosity and specific surface area obtained.
In recent years, polylactic acid (PLA) has been gaining interest for its use in the
biomedical field as well as food packaging and textile thanks te—ts—wide—variety—of
useful-properties [13—17]. Its non-petrochemical based nature, high tensile strength and
elastic modulus, biocompatibility and degradability under physiological conditions into
non-toxic products make PLA an ideal material for practical use in contact with the
human body.
This versatile polymer is known to exhibit thermo-responsive shape memory
effect[15,18-22], thanks to its glass transition temperature (Tg) acting as transition
temperature, around 60°C. However, just considering potential biomedical application,
its Ty is much higher than the human body temperature, together with its brittleness,
poor toughness and elongation at break < 10%, limits its direct application. Thermally-
activated shape memory in PLA is achieved by heating up to a switching temperature
(Tsw) higher than Ty at which polymer chains have enough mobility to recover the
original form from a temporary shape previously fixed. Thus, to consider the thermally-
activated shape memory of PLA as a suitable way to change the temporary form of
devices for biomedical application, a Tsw closer to the human body has to be achieved.
Although numerous strategies based on copolymerization, blending or plasticization
have been studied in order to modulate the final properties of PLA, only some blends,

copolymers and nanocomposites were developed as bulk materials with shape memory



capability [4,15,20,23,24]. Example of poly(ester-urethanes) based on PLA are
reporting in the literature, with a thermally-activated shape memory response at
temperature closed to the human body [19].

However, examples of electrospun fiber mats have been used also in order to obtain
composite materials in form of bilayers or multilayers [25,26]. Zhang et al. [27]
reported an example of electrospun PLA-based composite with shape memory effect as
well as by Luo et al. [28]

With this background, in this work, we investigated plasticization as a practical and
economic way to decrease the glass transition temperature of PLA-based electrospun
materials. Several additives to reduce the T, of PLA have been studied[29—-34], but their
compatibility and miscibility with PLA is limited. At this regards, the use of oligomers
of lactic acid (OLA) could be an alternative to get plasticizers with high compatibility
with PLA due to their similar chemical structure[30]. Additionally, it is well known
that PLA is degraded into monomeric and oligomeric lactic acid inside the body, both
products tested as safe and able to be secreted from the body. Therefore the use of OLA
as plasticizer might not limit the biomedical applications of PLA[14]. A preliminary
study reported in the literature of OLA with different molecular weights acting as PLA
plasticizer at 15wt% showed a significant decrease in Tg to a range of 36-40°C and an
improvement in elongation up to 200% while good mechanical properties were still
retained [35]. Therefore, in the present work, a commercial oligomer based on p,-lactic
acid have been tested as a promising additive in order to modulate the Ty of PLA and
achieve a good thermo-responsive shape memory performance of non-woven
electrospun PLA mats at a temperature close to the human body. First of all, to the best
of our knowledge, this is the first time in which thermally-activated shape memory
behavior has been studied on PLA electrospun fibers at 60°C. Moreover, in order to tune
the thermally-activated shape memory response of PLA, PLA-OLA systems were
studied to achieve shape memory electrospun fibers suitable for further applications in
the human body. Thus, different electrospun fiber mats of PLA with its oligomer acting
as plasticizer were processed and characterized. In particular, their thermo-mechanical
cyclic shape memory behavior was studied at three different temperatures (60°C, 45°C
and 40°C) and their shape memory performance was discussed through the capability to

fix the temporary shape as well as to recover its original one.

2. Experimental



2.1 Materials
Polylactic acid (PLA3051D, 3% of D-lactic acid monomer, molecular weight 142 x
10*g.mol™!, density 1.24g.cm™) was supplied by NatureWorks®. Lactic acid oligomer
(Glyplast OLAS, ester content >99%, density 1.11g.cm?, viscosity 22.5mPa.s,
molecular weight 1100g.mol') was kindly supplied by Condensia Quimica SA.
Chloroform (CHCI3) (99.6% purity) and N,N-dimethylformamide (DMF) (99.5%

purity) from Sigma Aldrich were used as solvents.

2.2 Processing of electrospun PLA-OLA samples
PLA pellets were dried in oven overnight at 60°C previous to use. Table 1 shows the
different proportions of polymer and plasticizer used with a final concentration of
10wt% in CHCI3:DMF (4:1) [36]. Each solution was stirred overnight at room
temperature before the electrospinning process as indicating in our previous work of

protocol optimization [29,36,37] .

Table 1: PLA and PLA-OLA formulations.

Sample PLA (wt%) OLA (wt%)

PLA 10 0

PLA90 90 10
PLAS8O 80 20
PLA70 70 30

Electrospun fiber mats were prepared in an Electrospinner Y-flow 2.2.D-XXX
(Nanotechnology Solutions) in vertical configuration coupled to coaxial concentric
needles. Polymer solutions were pumped through the inner needle and a CHCl3:DMF
(4:1) solvent solution was pumped through the outer needle. An electric field of 10kV in
positive and -10kV in negative pole were set. The solvent solution and polymer solution
flow rates were fixed at 0.50mL.h"! and 3.5mL.h"!, respectively. Each formulation was
electrospun for 3h over a metal plane collector covered with aluminum foil placed at
l4cm distance from the needle. The obtained mats were vacuum dried for 24h in order

to remove any solvent residues.

2.3 Characterization techniques



Scanning Electron Microscopy, SEM, (PHILIPS XL30 Scanning Electron Microscope)
was used in order to study the morphology of the electrospun fibers. All the samples
were previously gold-coated (~5nm thickness) in a Polaron SC7640 Auto/Manual
Sputter. SEM images analysis were carried out with Imagel software. Diameters were
calculated as the average value of 30 random measurements for each sample.

Thermal transitions were studied by Differential Scanning Calorimetry in a DSC Q2000
TA instrument under nitrogen atmosphere (50mL.min™!). The thermal analysis was
programmed at 10°C.min"'from -60°C up to 180°C obtaining the glass transition
temperature (Tg) calculated as the midpoint of the transition, , the melting temperature
(Tm), the cold crystallization enthalpy ( A H..) and the melting enthalpy (A H,,). The
degree of crystallinity (X:%) was calculated using the equation 1, taking the value of
crystallization enthalpy of pure crystalline PLA (AHY)) as 93.6J.g"! and W as the weight
fraction of PLA in the sample[38].

X% = 100 X (%) X wif Equation 1

Mechanical properties were evaluated by tensile test in a QTest” 1/L Elite instrument
equipped with a 100N load cell at room temperature. Strain rate and initial length
between clamps were set at 10mm.min"! and 10mm respectively. Samples of 10mm
length, 6mm width and 100um of average thickness were measured and results from
five specimens were averaged. Young Modulus (obtained as the slope of the curve from
0% to 2% deformation) and maximum stress and elongation at break were calculated.

Dynamic Mechanical Thermal Analysis (DMTA) was carried out in a DMA Q800 TA
instrument working with clamp tension mode. An amplitude of 10um, a frequency of
1Hz and a heating rate of 2°C.min"! were used. In addition, thermally-activated shape
memory properties were quantified by thermo-mechanical cyclic tests. The instrument
was set in controlled force mode and four different stages were defined for each cycle:
(1) The sample was equilibrated at the chosen switching temperature (Tsw) for Smin
(three different temperatures were studied such as 60°C, 45°C and 40°C) and then, a
ramp stress of 0.2MPa.min™! was applied until the sample reached 50% of deformation.
(2) The sample was subsequently cooled at a fixing temperature (Trx) of 10°C under
constant stress in order to fix the temporary shape. (3) After releasing the stress at

0.50MPa.min’!, the sample was heated at 3°C.min™! up to Tsw and maintained for 30min



in order to recover the initial permanent shape. Sample dimensions for the DMTA and
shape memory tests were the same as for the previously described mechanical tests.
The quantification of the shape memory behavior was carried out by calculating the

strain fixity ratio (Rf) and the strain recovery ratio (R;) given by equations 2 and 3[19]:

R¢(N) = 100 x % Equation 2

€m (N)_Ep(N)

R:(N) = 100 x =t

Equation 3

Where €, is the maximum strain after cooling to Trx and before releasing the stress, €,
is the fixed strain after releasing the stress at Trx and €, is the residual strain after
retaining the sample at Tsy for 30 minutes. As was pointed before, three different Ty
temperatures were tested which were selected taking into account the DSC results and
in order to proof the capability of the samples to be useful for future biomedical

applications.

3. Results and discussion.
First of all, once obtained the different electrospun mats, their fiber morphologies were
studied by Scanning Electron Microscopy of each sample. SEM images for neat PLA
and PLA-OLA system with ratios 90:10, 80:20 and 70:30 are shown in Fig.1. As it can
be seen, straight, randomly oriented and bead-free fibers were obtained with an average
diameter of 757£193nm for neat PLA and 768+207nm, 620+121nm and 476+80nm for
PLA-OLA 90:10, 80:20 and 70:30 ratios, respectively. SEM images of electrospun mats
at low magnifications and the corresponding diameter distribution of the electrospun
fiber mats are reported in Supporting Information as Figure SI1. As expected, fiber
diameter decreases with the addition of plasticizer due to the interaction between PLA
and OLA[27,34]. The morphology of the fibers reveals the correct electrospinning
process carried out for each sample despite showing some beads in the solution with the

highest OLA concentration.
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Fig. 1: SEM images of electrospun mats from: a) PLA 10wt%, b) PLA-OLA (90:10), c)
PLA-OLA (80:20) and d) PLA-OLA (70:30).

The thermal and mechanical characterization was carried out with the aim of setting the
parameters for the further shape memory analysis.

In Figure 2, the DSC thermograms are reported for all the samples studied. The arrow
indicates the Tg shift towards less values by increasing the amount of OLA in the

electrospun mats.
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Fig. 2: DSC thermograms for the different electrospun mats formulation.

Table 2 summarizes the results obtained for each non-woven electrospun mat of the
different PLA-OLA formulations.

Table 2: Thermal behavior of PLA-based mats.

DSC

Sample Wpa Ty AHee Tee Tm  AHm X
CO U (€O (O Jg) ()
PLA 1.0 60 27.8 99 149 327 5
PLA90 0.9 47 290 91 147 299 1
PLASO 0.8 35 240 90 144  24.1 1
PLA70 0.7 21 224 71/84 142 255 5
OLA 43 73105 11

The similar values of the cold-crystallization enthalpy and the melting enthalpy for the
neat PLA mat and plasticized PLA-OLA systems indicates that samples were quite
amorphous.

However, it is important to point out that , in general, the crystallinity of electrospun
polymers can often be significantly different to bulk materials. So, in Supporting
Information file we provide the DSC traces for PLA/OLA films obtained by solvent
casting, as new Figure SI2. Moreover, the degree of crystallinity has been calculated
also for the bulk formulations, and summarized in the inset of Figure SI2. In this case,

the degree of crystallinity is very different comparing the materials obtained as



electrospun-mats or as film for solvent casting, indicating that the processing conditions
as well as the processing itself deeply affect the final properties of the materials.
Moreover, is important to focus that the glass transition temperature is shifted to lower
temperatures with increasing the amount of OLA due to the plasticizing effect in which
the addition of 30wt% of OLA results in T, of 21°C. However, a T slightly closer to
body temperature occurs for the sample with a 20wt% of OLA indicating a better
control of the shape memory behavior at a temperature closer to the human body. Thus,
from the overall DSC results is emerged that it is possible to trigger the Tsw value by
changing the amount of plasticizer.

From the mechanical point of view, Young’'s Modulus, elongation at break and
maximum stress values of PLA-OLA and neat PLA electrospun mats derived from the

tensile stress-strain test (Fig.2), are summarized in Table 3.

Table 3: Tensile properties of PLA-OLA samples.

Sample Young’'s Modulus Max. stress ¢ break
(MPa) (MPa) (%)
PLA 91+8 3.8+2 135+10
PLA90 63+14 3.6+1 12549
PLASO 64+6 2.5+1 140+27
PLA70 30+16 2.1+1 146+30

Neat PLA electrospun fibers mat is characterized by the highest Young's modulus
(91£8MPa) and tensile strength (3.8+2MPa) being on the range of those reported on the
literature for random electrospun mats (Young's Modulus ~90MPa; Max. Stress
~3MPa)[16]. Addition of 10 and 20wt% of OLA (PLA-OLA 90:10 and PLA-OLA
80:20) lowers the Young’'s Modulus to 63-64MPa, although is still higher than that
obtained for PLA-OLA 70:30 (30+16MPa). The addition of 10wt% of plasticizer allows
retaining almost the same value of the tensile strength that neat PLA (3.6=1MPa) while
higher contents (20-30wt% of OLA) shifted it towards lower values. In general, the
higher toughness, the lower Ty, and the lower Young’'s modulus while the tensile
strength is retained, is advantageous from the medical application point of view for
imparting greater flexibility making PLA materials suitable for soft tissue engineering,
wound healing or smart textiles applications. In our case, the mechanical properties of
PLA-OLA mats are comparable with the Young’s modulus of human tissues i.e. human

articular cartilage (10-21MPa) and skin (3-54MPa), and therefore comparable with



other PLA-based electrospun fibrous scaffolds for soft tissue engineering (Young's

Modulus 57.38+0.81MPa; Max. Stress 3.57+0.81MPa) [39-42].
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Fig. 3: Tensile stress-strain test for the electrospun mats.

The study of the main thermo-mechanical relaxations through DMTA of PLA-OLA
samples give an important information in order to further perform and understand the
shape memory performance. The evolution of the storage modulus (E”) and loss
modulus (E"") as a function of temperature are presented in Figure 4.

The addition of OLA seems to increase the storage modulus of the system at low
temperature (-50 to 20°C). We retain that this phenomenon can be attributed to the
crystalline nature of OLA. In fact, the OLA presents a very broad melting peak (see
figure 2), from 20 to 100°C with a melting temperature of about 70°C, indicating that at
temperature below 20 °C the OLA is crystalline.

The peak of loss modulus (E"") is clearly shifting to lower temperatures and broadening
in width with the increase of the OLA content. The movement of the peak towards
lower temperatures is related with the energy required to activate the molecular
mobility, being lower (molecular mobility easily activated) for PLA-OLA samples than
for neat PLA in agreement with the DSC results, where Tg values of the electrospun

mats contain OLA shift towards less temperatures respect to PLA electrospun fibers.



The sample PLA70, with the highest content of OLA, shows 2 different Tg. The first
one related to the OLA-rich phase and the second one related to the PLA-rich phase in
the system. In the DSC it is also possible to detect a very small Tg at about -15 °C and
another one, more pronounced, at 21°C, related to the PLA-rich phase. This fact can
only be detected in the system with the highest content of OLA, where it is possible that
a phase separation occurs obtaining two different phases, one more rich in OLA and a
second one more rich in PLA.

Moreover, from the DMA analysis, a clear increase in mechanics above the Tg, which
could be the result of cold crystallization, can be detected in agreement with the DSC

results.
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Fig. 4: Dynamical mechanical thermal analysis for each mat formulation.

Therefore, thus considering the shift of the Ty from 60°C to lower values by increasing
the OLA amount, three different temperatures (T, = 60°C, 45°C and 40°C) were used
for neat electrospun PLA and plasticized samples (PLA-OLA) in order to quantify their
shape memory behavior. These temperatures are in good agreement for materials with
further potential application in biomedicine.

First of all, taking into account that there are no previous reports about the shape
memory capacity of non-woven PLA fiber mats processed by electrospinning, its shape
memory behavior was studied at 60°C.

Figure 5 shows the shape memory cyclic behavior of neat PLA electrospun fibers
demonstrating the capability to completely fix the temporary form and recover its
original shape at 60°C. As can be seen in Table 4 the material shows a recovery ratio
(Ry) higher than 95% in all cycles and a fixity ratio (Rf) ~ 90% similar to the values
reported for film samples (R; ~75% and R ~98%) [43] indicating the excellent shape

memory response of non-woven electrospun PLA fiber mats.
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Fig. 5: 3D and 2D thermo-mechanical cycles performed at 60°C for neat electrospun
PLA fibers.

Once verified that electrospun PLA mats show excellent shape memory behavior, we
study the shape memory response of the plasticized systems. Ewvery Plasticized systems
have been studied at 60°C and 2D and 3D shape memory thermo-mechanical cycles for
the plasticized systems are reported in figure 6.

It is easy to note that all the materials are able to fix their temporary shape and to recover their
original one presenting shape memory behavior with good values for R and R; (table 4).
However, taking into account that the plasticized systems present lower T, than PLA, it is easy
to point out that the temperature needed for the activation of the shape memory response is
lower than 60°C. In particular, PLA-OLA 90:10 needs a temperature of 50°C, PLA-OLA 80:20
needs a temperature of 35°C and PLA-OLA 70:30 needs a temperature of 20°C to start their
recovery. These temperatures are in completely agree with their T, values. For this reason, we
choose to study the thermally-activated shape memory response of the plasticized materials at
45°C and 40°C, considering also their potential application for devices in contact with the

human body.
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Fig. 6: 3D and 2D thermo-mechanical cycles performed at 60°C for a) PLA-OLA
90:10, b) PLA-OLA 80:20 and c) PLA-OLA 70:30.

Moreover, 2D and 3D thermo-mechanical cycles for the first cycle of all the samples
studied at 60°C are reported as Figure SI3, in the supporting information, in order to
easily visualize as the addition of plasticizer influences the PLA response.

Figure 7 and figure 8 show the thermally-activated shape memory cycles for PLA-OLA
80:20 and PLA-OLA 70:30, respectively, at 45°C and 40°C, thus taking into account
that, as we expect, both neat PLA and PLA-OLA 90:10 do not show shape memory
behavior at these temperature being lower than their Ty (figures not shown).

As can be seen in Table 4 and Fig. 7, PLA-OLA 80:20 sample showed excellent
capability to fix the temporary shape at 45°C, with R¢ values of 100% for the first



thermo-mechanical cycle maintaing quite constant in the other cycles with values higher
than 95%. Additionally, a R; of 100% was achieved showing an excellent shape
recovery of the original shape at 45°C during all the thermo-mechanical cycles. At 40°C
the capability of the material to fix the temporary shape is maintained with R¢ of 98% in
all the cycles. However, a slightly low R; indicates a low capacity to recover the original
shape at 40°C, due to the small variation of only 5°C with its Tg.

On the contrary, PLA-OLA 70:30 show better thermally-activated shape memory
response at 40°C than 45°C. In fact, samples with 30wt% of OLA broke during the third
cycle in the performed thermo-mechanical shape memory tests at 45°C, showing an
optimal capability to fix the temporary shape with R¢ values higher than 90% in the first
two cycles and a quite good capability of recovery the original shape with R; in the
range of 70%. However, at 40°C the ability of the material to both fix the temporary
shape and recover the original shape are maintaining constant during all the thermo-
mechanical cycles with values of 92% and 75%, respectively. Hoverer, it is worth to
note that at a temperature higher than 20°C the sample starts to recovery their original
shape. These results are strongly correlated with the T, of the materials, in the last case

much lower than 40°C.
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Fig. 7: 3D and 2D thermo-mechanical shape-memory cycles performed at: a) 40°C and
b) 45°C for PLA-OLA 80:20 electrospun sample.
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Fig. 8: 3D and 2D thermo-mechanical cycles performed at: a) 40°C and b) 45°C for
PLA-OLA 70:30 electrospun sample.

Table 4: Values of strain recovery ratio and strain fixity ratio at different temperatures.

Rr (%) Rr (%) T

Sample 1st gnd 3rd 1st gnd 3rd S(‘:V

cycle cycle cycle cycle cycle cycle ()
PLA 89 88 88 96 99 99 60
PLA90 96 72 73 74 76 78 60
PLASO 61 71 82 90 93 96 60
PLA70 84 88 91 95 99 100 60
PLA - -- - -- - -- 45
PLA90 - - -- - -- -- 45
PLASO 100 100 100 100 97 95 45
PLA70 71 73 - 94 92 -- 45
PLA - - -- -- -- -- 40
PLA90 - -- - -- - -- 40
PLASO 86 91 79 98 98 98 40
PLA70 74 75 75 94 92 92 40

Therefore, taking into account the shape memory results of neat and plasticized non-
woven electrospun PLA mats, PLA-OLA with 20wt% of plasticizer ideally represents
the best material for future biomedical applications due to the fact that it shows

excellent shape fixity and shape recovery capability at temperature close to the human



body activating shape changes without applying temperatures harmful for surrounding

tissues.

In order to compare the different behavior of unplasticized and plasticized PLA, in
Figure 9, 2D strain-time graph has been reported for PLA at 60°C and PLAS8O at 60, 45
and 40°C, evidencing the different stage of the thermo-mechanical cycle used to study
the shape memory behavior. A first deformation is followed by the fixity of the
temporary shape and then, heating again the materials, the recovery of the original
shape occurred. In particular, it is easy to note that all the sample show excellent fixity
behavior. The recovery time is affected by the temperature as well as by the use of
plasticizer. In particular, for PLA at 60°C a time around of 30min is necessary to
recover the original shape. The same 30min are necessary for PLA8O at both 40 and
45°C, while for PLA80 at 60°C about 20min are enough to recover its original shape.
We can correlate this phenomenon with the values of their Tg, being the recovery time

as bigger as the temperature used is closer to the Tg.
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Fig. 9: 2D strain-time diagram for PLA at 60°C and PLASO at the three different

temperatures studied.



Finally, the thermally-activated shape memory effect of non-woven -electrospun
plasticized PLA-OLA materials was proved macroscopically (Figure 10). Temporary
shape was programmed by deforming the sample at 45°C and cooling down in order to
fix the temporary shape and then the recovery of the permanent shape was driven by
heating again the sample at 45°C. Pictures were taking at different recovery times in
order to visualize its effect. In particular, for PLA-OLA 80:20, our best formulation, 10
seconds are enough to recover the initial shape of the electrospun fibers at 45°C

indicating a very fast shape memory phenomenon.
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Fig. 10: Macroscopic demonstration of the shape memory effect for electrospun PLA-

OLA 80:20 sample at 45°C.
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Interesting is also to study the microstructural changes on the structure of the fiber mats
during the thermo-mechanical shape memory cycles, shown in Figure 11. The original
sample shows a randomly oriented distribution of fibers. When temporary shape is

programmed, the fibers seem to be oriented in the direction of the applied stress,



representing by arrows in the figure 9. A slightly decrease of the diameter (473+115nm)
is showed in comparison with the diameter of the original sample (620+£121nm).
Finally, when original shape is recovered, the fibers maintain the induced orientation
applied during the programming stage but increasing the diameter of fibers up to

817+104nm.

Recovered Shape

Fig. 11: SEM images of the shape memory effect for electrospun PLA-OLA 80:20

sample at 45°C: a) original shape, b) temporary shape and c) recovered shape.

4. Conclusions
In this work, shape memory PLA-based electrospun mats with thermally induced effect
in the range of interest for potential biomedical applications were successfully prepared
by incorporating different amounts of polylactic acid oligomer (OLA) with the
electrospinning process. It was observed a random orientation in all the samples as well
as a clear influence of the amount of OLA over the morphology and diameters of the
obtained fibers. As the amount of OLA into the samples increased, fiber morphology
changed from uniform to irregular fibers with some beads and the fiber diameter
decreased from 757+193nm for neat PLA to 476+80nm for PLA-OLA with the highest
amount of OLA, 30wt%. Furthermore, the addition of OLA promoted a decrease in the
glass transition temperature from 60°C for neat PLA towards a range closer to the
physiological temperature (47-21°C) and allowed to tailor the mechanical behavior of
the mats to be more similar to that of the living tissues. Therefore, three different
temperatures of 60°C, 45°C and 40°C were used to evaluate the thermally-activated
shape memory effect. First of all, we verify for the first time that PLA electrospun fiber

mats are able to present shape memory behavior at 60°C, indicating that the electrospun



process does not affect the shape memory response own of PLA material. Moreover, all
the plasticized electrospun samples (PLA-OLA) showed shape memory properties at
60°C even if their recuperation starts at lower temperature. In fact, due to the addition of
plasticizer the thermally-activated shape memory response can be studied at temperature
close to the human body, such as 45°C and 40°C. The best formulation obtained to be
used in this range is the PLA-OLA 80:20 showing excellent values of strain fixity ratio
(higher than 95%) and strain recovery ratio of 100% in all the thermo-mechanical cycles
at 45°C with similar values at 40°C. Thus, in view of these results, electrospun PLA-
OLA 80:20 system can be described as a promising material to be used in potential
shape memory biomedical applications with excellent Rrand R; at temperature close to

the physiological one.
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