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ABSTRACT

In this work, electrospun fibers of poly(butylene adipate-co-terephthalate)/poly(N-isopropylacrylamide), PBAT
/PNIPAAm, and ecovio®PNIPAAm blends were obtained. These blends presented a thermoresponsive behavior
including a sudden response to temperature variation between 32 and 35 °C. The addition of PNIPAAm to PBAT and
ecovio® solutions significantly improved the electrospinability of both solutions as blends, allowing them to form
rounded fibers without defects and with diameters varying between 1000 and 1700 nm. The analysis of attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra for PBAT/PNIPAAm and ecovio®/PNIPAAM
electrospun fibers revealed that the electrospinning process does not lead to the formation of strong intermolecular
interactions, such as hydrogen bonds, between the constituents of the studied blends’ electrospun fibers. Significant drop
water contact angle variation as a function of temperature was observed for both PBAT/PNIPAAmM and
ecovio®/ PNIPAAm electrospun fibers; both presented PNIPAAm’s hydrophilic-hydrophobic transition in the range
between 32 and 35 °C. Comparing PBAT/PNIPAAM and ecovio®/PNIPAAM electrospun fibers, the former was revealed
to be more temperature-sensitive than the latter, regarding changes in wettability as the former presented larger gaps in
drop water contact angle values compared to the latter. With these results, these blends in the form of electrospun fibers
may have a potential application in the field of cell adhesion/detachment.
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1. INTRODUCTION

The electrospinning technique has been increasingly exploited, especially in the last two decades, in order to
produce continuous, uniform polymer fibers with a high area/volume ratio and diameters at the micro- and
nanometric scales [1]. This technique presents a relatively simple and inexpensive yet highly versatile
experimental apparatus. With the proper adjustment of experimental parameters, it is possible to produce
fibers with specific morphologies and properties. Several types of polymers, both natural [2-4] and synthetic
[5-8], have been subjected to electrospinning using different experimental conditions in order to obtain
fibrous materials with a high area/volume ratio. The resulting fibers present specific properties for
application in many areas, such as tissue engineering [9], biomedicine [10, 11], drug delivery [4, 12], and
wound dressing [8, 13, 14], among others.

Recently, synthetic and biodegradable aliphatic polyesters have been studied using the electrospinning
technique [15-18], which is probably due to the good control of their degradation processes. Numerous
papers report electrospinning studies using poly(butylene adipate co-terephthalate) (PBAT) [5, 9, 19-25], a
synthetic and compostable biodegradable polyester produced by BASF. The balance between aliphatic and
aromatic chemical groups present in the repeating unit of this polymer provides interesting properties, such as
flexibility, elongation at break, and low crystallinity [9, 22].

Ecovio® is the trade name of a polymer blend also produced by BASF. It consists of two
biodegradable polymers: PBAT and poly(lactic acid) (PLA), where the latter is a linear aliphatic polyester.
The presence of PLA in ecovio® enhances its mechanical resistance while the presence of PBAT boosts the
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elastic modulus of the blend as a whole [26]. Literature searches reveal papers that report the intent of
producing ecovio® composites in order to improve their mechanical properties [26-29]. Until this moment,
there is also a work which presents studies on the electrospinning of ecovio® [30].

In some polymers, alteration of a property such as color, conformation, solubility, etc., may be a
response to being subjected to certain external stimuli, which may include, among others, temperature [8,
31], light [32, 33], electric or magnetic fields [17, 34], and pH [31, 35]. Such polymers are called smart
polymers and they can be applied in many areas, for example, in filtration [36, 37], cell growth/detachment
[38, 39], and sensors [33, 40], as well as those already mentioned above (drug delivery, tissue engineering
scaffolds, wound dressing, and biomedicine). Electrospinning as a method of processing for obtaining smart
polymers (particles, films, membranes, and others) has attracted a lot of attention. This is because smart
polymers, when processed into a fiber form, can respond much faster to an applied external stimulus due to
having a greater surface area available to interact and respond to the external stimulus.

Poly(N-isopropylacrylamide), PNIPAAm, is a smart and biocompatible synthetic polymer that
presents a hydrophilic-hydrophobic thermoresponsive phase transition around 32 °C, known as its lower
critical solution temperature (LCST) [41]. Below the LCST, PNIPAAm is soluble in an aqueous medium as a
result of the presence of intermolecular hydrogen bonding interactions between water molecules and the C=0
and N-H hydrophilic groups of PNIPAAm’s amide side chains. Above the LCST, PNIPAAm’s C=0 and N-
H amide groups undergo conformational contraction, in which intramolecular interactions between these
groups become more favorable, leaving the hydrophobic N-isopropyl groups more exposed, turning this
polymer insoluble in an aqueous medium [8, 41, 42]. This hydrophilic-hydrophobic transition is reversible.
Since PNIPAAm’s LCST occurs close to the human body temperature, this polymer has been extensively
studied for controlled release, cell growth/detachment, and biomedicine [8, 43-45], among other areas,
because it presents good cellular adhesion at temperatures above its LCST; similarly, this adhesion gets
weaker spontaneously below its LCST. In the recent years, many electrospinning studies have been
performed on PNIPAAmM, either in pure solution or associated with other polymers [8, 42, 44-48].

Thus, considering the interesting properties presented by PBAT, ecovio® and PNIPAAmM, this report
presents a study carried out on the electrospinning of PBAT/PNIPAAmM and ecovio®/PNIPAAm solutions, in
different mass ratios. Evaluation of both their morphology and structural properties was carried out by
scanning electron microscopy (SEM) and attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR), respectively. In addition, a wettability evaluation of the surfaces of both PBAT/PNIPAAmM and
ecovio®/PNIPAAmM blends was performed by drop water contact angle (DWCA) as a function of
temperature. This technique would allow the verification of the mass ratio at which the PNIPAAmM would
turn the fiber thermosensitive, considering the potential application of these electrospun fibers for the cell
adhesion/detachment field.

2. MATERIALS AND METHODS

2.1 Materials

Pellets of PBAT (Ecoflex® F BX 7011, average molecular weight of 40 kg-mol™) and ecovio® (F-Blend
(2224, which consists of 55% of Ecoflex and 45% of PLA average molecular weight of 40 kg:mol™) were
kindly supplied by BASF. The solvents used to prepare polymeric solutions were: chloroform (CHCIy)
(Alfathec) and N,N-dimethylformamide (DMF) (F. Maia). All reagents were used as received. The
PNIPAAmM used in this study was synthesized via radical polymerization in aqueous solution using Na,S,0g
as initiator, as described in previous work [25]. The dilute solution viscosimetry technique was carried out to
estimate the PNIPAAm’s average molecular weight (M) in aqueous solution at 25 °C using the Mark—
Houwink equation, [n] = KM, The values for the o and K constants used were 0.97 and 2.26 x 10
cm® g™, respectively. The (M) value estimated using this technique for PNIPAAmM was 8.7 x 10° grmol™.

2.2 Preparation and Electrospinning of PBAT/PNIPAAm and ecovio®/PNIPAAm Blends’ Solutions

Solutions of PBAT/PNIPAAmM and ecovio®/PNIPAAm with different mass ratios (m/m) were prepared using
a solvent mixture consisting of CHCI;/DMF at the volume ratio (V/V) of 85/15 [49]. Studies on the
optimization of experimental parameters for electrospinning have previously been performed [25, 50]. All
polymeric solutions were prepared at the concentration of 10% (m/V). The electrospinning experiments were
performed at a temperature and relative humidity of 22 °C and 55%, respectively, using a high voltage source
(maximum of 30 kV), a syringe attached to an infusion pump (KD Scientific — 100) and a grounded collector
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consisting of a static circular metal plate [25]. The experimental parameters for electrospinning solutions of
PBAT/PNIPAAM and ecovio®/PNIPAAM blends are presented in Table 1.

Table 1: Electrospinning experimental parameters, average diameter and standard deviation for samples of
PBAT/PNIPAAmM and ecovio /PNIPAAm blends’ electrospun fibers.

Sample Voltage Flow rate Distance Average diameter Standard deviation
[kV] [mL h7] [cm] [nm] [nm]
PBAT/PNIPAAmM 100/0 25 13 15 320.4 +78.9
PBAT/PNIPAAmM 90/10 25 1.3 15 214.8 +434
PBAT/PNIPAAm 70/30 25 13 15 1001.7 +121.2
PBAT/PNIPAAmM 50/50 25 1.3 15 1394.1 +277.5
PBAT/PNIPAAmM 0/100 25 13 15 1309.1 +176.1
ecovio®/PNIPAAmM 100/0 15 1.0 25 — —
ecovio®/PNIPAAmM 85/15 15 1.0 25 276.6 +97.6
ecovio®/PNIPAAmM 70/30 15 1.0 25 1691.7 +328.9
ecovio®/PNIPAAmM 50/50 15 1.0 25 1429.8 +314.0
ecovio®/PNIPAAmM 0/100 15 1.0 25 1379.3 +203.9

2.3 Characterization of PBAT/PNIPAAm and ecovio®/PNIPAAm Electrospun Fibers

The morphology characterization of the PBAT/PNIPAAm and ecovio®/PNIPAAm electrospun fibers was
accomplished by SEM using an FEI microscope (Quanta 200 model). Prior to analysis, all fibers were
covered with a thin layer of gold. The average diameter of the electrospun fibers, estimated directly from the
SEM images, was evaluated using Sizemeter 1.1 software. All images were analyzed by measuring at least
20 fibers in triplicate.

Structural analysis of the PBAT/PNIPAAm and ecovio®/PNIPAAm electrospun fibers was carried out
by ATR-FTIR using a Perkin-Elmer Spectrum Two spectrometer with a Universal ATR accessory (UATR).
The ATR-FTIR spectra were obtained in transmittance mode in the wave number range of 450-4000 cm™
with a resolution of 4 cm™.

The surface wettability of the PBAT/PNIPAAm and ecovio®PNIPAAm electrospun fibers was
evaluated by drop water contact angle (DWCA) measurements by depositing a deionized drop of water onto
the surface of the electrospun fibers. The DWCA measurements were analyzed using ImageJ software. At 5
°C intervals over the temperature range of 20 °C to 45 °C, estimations of DWCA measurements were taken
six times at different points on the surfaces of the electrospun fibers.

3. RESULTS AND DISCUSSION

3.1 Scanning Electron Microscopy (SEM)

An optimized set of experimental parameters for electrospinning PBAT/PNIPAAM and ecovio®/PNIPAAM
fibers has previously been developed [25, 50]. Figure 1 and 2 shows SEM images for PBAT/PNIPAAmM and
ecovio®/PNIPAAM electrospun fibers, respectively.
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Figure 1: SEM micrographs for PBAT/PNIPAAm electrospun fibers with mass ratio of: (a) 100/0, (b) 90/10,
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Figure 2: SEM micrographs for ecovio®/PNIPAAm electrospun fibers with mass ratio of: (a) 100/0, (b) 85/15, (c) 70/30,
(d) 50/50 and (e) 0/100.
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It was possible to observe that pure solutions of both PBAT and ecovio® presented low
electrospinability. In addition, the electrospinning of a pure PBAT solution at a concentration of 10%
resulted in fibers with an average diameter in the region of 300 nm (Table 1), but with the presence of many
beads; on the other hand, the electrospinning of a pure ecovio® solution at a concentration of 10% resulted in
no fibers formation. An interesting result was observed when both PBAT and ecovio® solutions were mixed
with PNIPAAmM at a mass ratio of 30%. From this mass ratio of PNIPAAm, the morphology of the blends
formed with PBAT (Figure 1c and 1d) and ecovio® (Figure 2c and 2d) significantly improved, so that the
electrospun fibers became rounded and lacked beads. In this case, the main effect associated with the
improvement in fiber morphology and the increase in average diameter is the fact that PNIPAAmM presents a
higher molar mass value than both PBAT and ecovio®, which, in turn, increases the solution viscosity and
consequently improves the electrospinning process due to the greater entanglement between the polymer
chains in solution. The increase in average diameter for the electrospun fibers containing PNIPAAmM at a
minimum mass ratio of 30% in the blend was enough so that these fibers could reach the micrometric range,
as can be seen in Table 1. For the PBAT/PNIPAAmM blends, the average diameter of the electrospun fibers
reached the range between 1000 and 1400 nm; likewise, the average diameter of the electrospun fibers from
ecovio®/PNIPAAM blends reached the range between 1400 and 1700 nm. Thereby, electrospun fibers from
both the PBAT/PNIPAAmM and ecovio®/PNIPAAm blends presented an average diameter closer to that of the
pure PNIPAAm electrospun fibers (around 1300 to 1380 nm).

3.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Figure 3 and 4 presents the ATR-FTIR spectra for electrospun fibers from PBAT/PNIPAAmM and
ecovio®/PNIPAAM blends with different mass ratios, respectively. The main absorption bands in the PBAT’s
ATR-FTIR spectrum (Figure 3) were: 2956 cm™, related to the stretching of CH, groups; 2926 cm™, related
to the symmetric stretching of CH groups; 1712 cm™, related to the C=0 of ester groups; 1505 cm™ and 876
cm, related to the stretching and bending of =CH of phenyl groups, respectively; 1410 cm™, related to the
bending of CH,; 1128 cm™, related to the stretching of C—O of ester groups; 1103/1121 cm™, related to the
stretching of C—O—C of ester groups; 727 cm™, related to the bending of C—H of phenyl groups. Nevertheless,
the main FTIR bands that could be used to identify PBAT were at 1712 cm™, 1103 cm™ and 727 cm™[ 21]. It
was possible to observe the absorption bands related to PLA in the ATR-FTIR spectra for the electrospun
fibers of pure ecovio® (Figure 4): 2993 cm™ and 2947 cm™, which were related to the asymmetric and
symmetric stretching of CH groups, respectively; 1755 cm™, a characteristic band for the stretching of C=0
groups; 1455 cm™, related to the bending of CH; groups; 1181/1048 cm™, related to the stretching of C-O—C
groups [51]. These were in addition to the characteristic absorption bands of PBAT. The following bands
could be observed in the ATR-FTIR spectrum of PNIPAAm (Figure 3 and 4): an absorption band at 3286 cm”
! related to the stretching of N—H groups; 2926 cm™, due to the symmetric stretching of C—H groups; two
relatively broad bands at 1642 cm™ and 1540 cm™, characteristic of the stretching of C=0O groups and N-H
deformation of amide groups, respectively, and two small absorption bands at 1386 cm™ and 1366 cm™,
which were related to the stretching of the CH3; of PNIPAAm’s isopropyl groups [52]. Therefore, from the
ATR-FTIR spectra obtained in this study, it was possible to observe the presence of the characteristic bands
for PBAT (Figure 3) [21], ecovio® (Figure 4) [51], and PNIPAAm (Figure 3 and 4) [52].
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Figure 3: ATR-FTIR spectra for PBAT/PNIPAAmM electrospun fibers with different mass ratios.
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Figure 4. ATR-FTIR spectra for ecovio®/PNIPAAm electrospun fibers with different mass ratios.

Analysis of all presented spectra revealed that no shift occurred to any of the absorption bands of the
polymers that were employed for electrospinning. Thus, this result indicated that there was no formation of
strong intermolecular interactions, like hydrogen bonds, between the oxygen from PBAT’s and ecovio®’s
carbonyl groups and the hydrogen from PNIPAAm’s amide groups in the PBAT/PNIPAAm and
ecovio®PNIPAAm blends’ electrospun fibers. In this case, the fact that there are no strong intermolecular
interactions, such as hydrogen bonding, between the nitrogen of PNIPAAm’s amide group and the carbonyl
groups present in both PBAT and ecovio® is a great advantage for the electrospun fibers of their blends. The
reason is that PNIPAAm’s amide groups are free to shrink or expand as the temperature of the medium gets
above or below its LCST, respectively.

3.3. Drop Water Contact Angle (DWCA) Measurements

The wettability of a solid surface can be determined by measuring the contact angle formed between a drop
of a liquid and the solid surface. Consequently, wettability depends on the relationship between the adhesive
forces of a solid-liquid system and the cohesive forces of the liquid. Figure 5 shows the results of DWCA
measurements of PBAT/PNIPAAmM electrospun fibers with different mass ratios as a function of temperature.
It was observed that in the temperature range studied, the contact angle values measured for the pure PBAT
electrospun fibers were in the region of 130°, revealing PBAT’s hydrophobic behavior.
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Figure 5: DWCA measurements as a function of temperature for PBAT/PNIPAAmM electrospun fibers with different
mass ratios.

For the PBAT/PNIPAAmM electrospun fibers, all mass ratios analyzed revealed an abrupt change in
contact angle as the temperature increased, mainly in the temperatures between 32 and 35 °C. When the
temperature varied around PNIPAAm’s LCST, a change in contact angle values of around 50° to 60° was
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observed. There was also a fast and efficient response to temperature variation. Similar results could be found
in the literature [8, 44-46], which indicated that the electrospinning processing significantly raised the surface
area/volume ratio of the processed material, allowing the fibril mesh to respond rapidly to temperature
variation. Therefore, the gap in contact angle values determined for these electrospun fibers was much larger,
when compared to the gap in contact angle values for PNIPAAmM existing in materials that were processed by
other techniques [53-57]. When PNIPAAm is subjected to processing techniques that form film, its chains
become very close to each other (compacted); as a result, the mobility of the amide side groups is hampered,
making the hydrophilic-hydrophobic transition slower in the range of the LCST. Thus, in this case, the gap
variations in DWCA measurements are small. On the other hand, when PNIPAAm is processed by
techniques that form fibers, like electrospinning, the fibers that are formed present a very high surface
area/volume ratio when compared to the film. Thus, in the fibers form, the amide groups of PNIPAAmM’s
chains present more freedom and mobility; consequently, the hydrophilic-hydrophobic transition occurs
much faster in the LCST range for the fibers when compared to the film, leading to a faster and higher gap
values in DWCA measurements.

These results, in general, present potential applications for PBAT/PNIPAAm blends’ electrospun
fibers. Still, it could be inferred that the addition of PNIPAAm to PBAT at a mass ratio of 15% or above had
not changed the LCST value for the electrospun fibers as there was no kind of modification to PNIPAAmM
during processing. These results were corroborated by the analysis of the SEM images and ATR-FTIR
spectra.

Figure 6 shows the results of DWCA measurements as a function of temperature for
ecovio®/PNIPAAmM electrospun fibers with different mass ratios.
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Figure 6. DWCA measurements as a function of temperature for ecovio®/PNIPAAm electrospun fibers with different
mass ratios.

The contact angle measurements for the pure ecovio® electrospun fibers did not change significantly
with temperature variation between 25 and 45 °C, remaining around 140°. This result indicated that the
presence of PLA in the repeating unit of ecovio® made its electrospun fibers more hydrophobic because the
structure of PLA has a more hydrophobic effect compared to that of PBAT. After the addition of PNIPAAmM
in different mass ratios, it was observed that the electrospun fibers from ecovio®/PNIPAAm blends (Figure 6)
presented a significant decrease in contact angle values at temperatures below PNIPAAm’s LCST. At 25 °C,
the contact angle values decreased to around 60°, which indicated that the fibrous surfaces were wetted and
presented hydrophilic behavior. As the temperature increased, especially in the range of PNIPAAm’s LCST,
contact angle values increased. Above 32-35 °C, the contact angle values were around 110-120° due to the
conformational change of PNIPAAm’s chain that turned the ecovio®/PNIPAAm electrospun fibers fully
hydrophobic. This abrupt variation in contact angle values for the ecovio®/PNIPAAmM electrospun fibers with
the studied mass ratios was not so evident in PBAT/PNIPAAmM electrospun fibers measured in the same
temperature range (Figure 5). However, it is worth reaffirming that electrospun fibers using both PBAT and
ecovio® in blends with PNIPAAm exhibited a rapid response to temperature variation. Nonetheless, it could
be stated that ecovio®/PNIPAAm blends’ electrospun fibers were slightly more hydrophobic than those of
PBAT/PNIPAAmM blends due to the presence of PLA in the former, which is more hydrophobic in character.
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4. CONCLUSIONS

In this study, it was possible to obtain PBAT/PNIPAAM and ecovio®/PNIPAAmM electrospun fibers that pre-
sented thermoresponsive behavior and a sudden response to temperature in PNIPAAm’s LCST range. As the
mass ratio of PNIPAAm in the solutions increased, the morphology of the electrospun fibers became rounded
and lacked beads; moreover, they presented average diameters in the micrometric range. From the analysis of
ATR-FTIR spectra, it could be verified that the electrospinning process did not lead to the formation of
strong intermolecular interactions, like hydrogen bonds, between chains of either PBAT and PNIPAAm or
ecovio® and PNIPAAm. Furthermore, a significant variation in contact angle as a function of temperature
was observed for the ecovio®PNIPAAm electrospun fibers; however, the variation was stronger for the
PBAT/PNIPAAm electrospun fibers. These exhibited PNIPAAm’s hydrophilic-hydrophobic transition in the
range between 32 and 35 °C with a sudden response to temperature variation observed when using the
PNIPAAM mass ratio of 15% or above. Along these lines, the studied electrospun fibers may have a potential
application in the cell adhesion/detachment field.
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