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Abstract

Electrospinning technologies gained considerable interest over the last decade. In this
study, it is proposed a systematic study of polylactic acid/polyethylene glycol (PLA/PEG)
and polylactic acid/polyethylene oxide (PLA/PEO) electrospun blends at different
concentrations. The effect of blend composition and PEG molecular weight on the
morphological and mechanical properties of the mats was evaluated. Furthermore,
the kinetic release of carvacrol as model drug in phosphate buffer saline at 37°C was
studied and the data were then fitted using an exponential model. The scanning electron
microscopy revealed that the morphology of the mats was strongly dependent on the
relative ratio PLA:PEG, PLA:PEO and in the presence of carvacrol. Furthermore,
the mechanical properties of the mats as well as their carvacrol release rate were
successfully tuned by changing the relative ratio of the blend components.
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Introduction

Electrospinning is an emerging processing technique that allows fabricating non-
woven mats composed of continuous fibers exhibiting diameters ranging
from micro- to nano-meters [1-5]. The increasing interest in electrospun micro/
nanofibrous membranes is due to their high porosity, specific surface, as well as due
to tunable mechanical properties and topological features [6—13].

Over the last few years, several approaches were proposed in order to enhance
the properties of electrospun mats such as the use of nanofillers [2,14,15], surface
functionalization [16], and/or the use of appropriate polymer blends [17-26].

In particular, there are many scientific papers that propose blending of different
polymers to improve mechanical performances [17-19], hydrophilicity [20,21], or
biocompatibility [22-25].

Among the several synthetic polymers used for electrospinning, polyvinyl alco-
hol [27,28], polyglycolic acid [29], poly-e-caprolactone [2,19,30-32], and polylactic
acid (PLA) were often investigated as main matrix for the fabrication of electro-
spun fibers, for tissue engineering and for drug delivery applications [16,33-35].
PLA is a semicrystalline thermoplastic polymer exhibiting a fragile behavior, with
relative high elastic modulus and low elongation at break [36—44]. In several sci-
entific papers, PLA was blended with polymers obtained from the polymerization
of ethylene oxide usually indicated either as polyethylene glycol (PEG) if
Mw < 20,000 Da or polyethylene oxide (PEO) if Mw > 20,000 Da. These blends
were found to improve both the biocompatibility and the biodegradability and
were also found to increase the hydrophilicity, the ductility, and the melt proces-
sability of PLA [39,44-46]. PEG is an hydrosoluble polymer partially miscible in
PLA whose molecular weight can affect both the miscibility and the release rate of
incorporated drugs [47,48]. This is a crucial feature since drug-containing electro-
spun membranes are deeply investigated for biomedical application and several
studies revealed that the effectiveness of the antimicrobial activity over time is
mainly determined by the release rate of the antimicrobial agents [49-52]. Kuang
et al. successfully prepared a PLA-based material for local cancer treatment
exhibiting a biphasic release kinetics by tuning the weight ratio of PEO and PLA
in blends [46]. Sirc et al. used PEG at different molecular weight (6000 20,000 and
35,000 Da) as additives to modify the immunosuppressant cyclosporine A release
kinetics from PLA electrospun membranes [53].

In this context, carvacrol (CRV) is one of the most studied phenolic essential oils
investigated as antimicrobial agent for PLA-based materials. The scientific interest
on this compound considerably strengthened because of its broad spectrum of
biological and pharmacological properties such as: (i) anti-inflammatory, (ii) anti-
microbial, (iii) antioxidant, (iv) antitumor, and (v) antimutagenic activities [54,55].
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In our previous works, we evaluated the processing parameters and the effect of
CRYV content on the structure, property relationships, and on the release kinetics of
electrospun PLA/CRV membranes [54]. To the best of our knowledge, this work
proposes for the first time a systematic study of PLA/PEG and PLA/PEO electro-
spun blends at different concentrations in order to evaluate the effect of blend
composition and PEG molecular weight on morphological, mechanical, and wett-
ability properties of the mats. Furthermore, in order to put into evidence the
influence of PEG and PEO on the release kinetic of a model drug loaded into
PLA, CRV was filled in the nanofibers at 28 wt% with respect to the polymer
phase, and the kinetic release in phosphate buffer saline (PBS) at 37°C was fitted
with an exponential model.

Experimental section
Materials and methods

PLA 2002D (Mw 215,000 Da; D-lactide content 4%) [56] was purchased from
NatureWorks. PEG (Mw 10,000 Da), PEO (Mw 100,000 Da), CRYV, acetone
(Ac), chloroform (TCM), and PBS were purchased from Sigma Aldrich. All the
reactants were of ACS grade (purity > 99%). PLA was vacuum dried overnight at
90°C while the other components were used as received.

The 10 wt% of PLA/PEG or PLA/PEO at different relative ratio were added to
20ml of TCM:Ac (2:1 vol), and completely dissolved by stirring overnight to obtain
a homogeneous solution. The relative compositions of the blends here produced are
listed in Table 1.

In order to prepare CRV-containing membranes, CRV was added to the poly-
meric solutions at 28 wt.% with respect to polymer phase according to the results of
a previous paper [30].

The preparation of the membranes was performed by a conventional electro-
spinning equipment (Linari Engineering-Biomedical Division, Italy). The poly-
meric solutions were filled in 10-ml glass syringe equipped with a 19G stainless
steel needle. The process was performed using the following parameters: flow rate,
2ml/h; supplied high voltage, 15kV; distance between needle tip and collector,
15cm; temperature, 25°C; and relative humidity, 40%. The nanofibers were col-
lected on a grounded collector wrapped in an aluminum foil. The process was
performed for 30 min in order to obtain membranes approximately 25 um thick.
The collected membranes were subsequently dried overnight under fume hood in
order to remove any residual solvent.

Morphological analysis

The morphology of the nanofibers was observed by using a scanning electron
microscopy (Phenom ProX, Phenom-World, The Netherlands). The samples
were positioned on an aluminum stub using an adhesive carbon tape and then
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Table 1. Composition of the PLA/PEG and PLA/PEO blends.

Sample code PLA (%) PEG (%) PEO (%)
PLA 100 0 0
25% PEG 75 25 0
50% PEG 50 50 0
75% PEG 25 75 0
PEG 0 100 0
25% PEO 75 0 25
50% PEO 50 0 50
75% PEO 25 0 75
PEO 0 0 100

PEG: polyethylene glycol; PEO: polyethylene oxide; PLA: polylactic acid.

sputter coated with gold (Sputtering Scancoat Six, Edwards) for 90 s under argon
atmosphere before imaging to avoid electrostatic discharge during the test.

FT-IR/ATR analysis

The chemical surface properties of the samples were assessed by FT-IR/ATR
analysis carried out by using a Perkin-Elmer FT-IR/NIR Spectrum 400 spectro-
photometer. The spectra were recorded in the range 4000400 cm™".

Mechanical properties

Tensile mechanical measurements were carried out with a laboratory dynamometer
(Instron model 3365, UK) equipped with a 1 kN load cell. The tests were performed
on rectangular shaped specimens (10 x 90 mm) cut off from the mats. The meas-
urements were performed by using a double crosshead speed: 1 mm min~"' for 2 min
and 50 mmmin~! until fracture occurred because of the high elongation of the
sample here investigated. The grip distance was 20 mm, whereas the sample thick-
ness was measured before each measurement.

Seven samples were tested for each material and the average values of the
mechanical parameters and standard deviations were reported. The representative
nominal stress—strain curves were reported for each material as well as their elastic
modulus (E), tensile strength (TS), and elongation (¢).

Complex viscosity determination

Rheological characterizations were performed on the polymeric solutions using
a rotational rheometer (Mars, Thermofisher). A 25-mm parallel-plate geometry
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was used and all tests were performed at 25°C. Oscillatory frequency sweep tests
were performed at a constant stress of 1 Pa with an increase of angular frequency
from 1 to 100 rad/s.

Kinetics of release of the essential oil constituents from the polymeric films

A series of CRV/PBS solutions containing 1 to 50 mg/l were analyzed by using UV/
vis spectrophotometer (model UVPC 2401, Shimadzu Italia s.r.l., Milan, Italy) in
order to obtain a calibration curve correlating the absorbance peak intensity of
CRY to its concentration in PBS. In the concentration range here investigated, the
calibration curve was found to be a line. The maximum absorbance peak of CRV
was detected at 272 nm. The release of the essential oils from the films was inves-
tigated by immersing a preweighed sample (a rectangular of 10 x 40 mm) in 10 ml
of PBS at 37°C. The absorbance peak intensity of the storage solutions was mea-
sured at specific time intervals and converted to the quantities of essential oil
released through the calibration line. All the samples were immersed in 10ml of
fresh PBS after each measurement. We therefore reported the cumulative oil release
calculated by sequentially adding the oil released after each step. Each measure-
ment was performed in triplicate.

Wettability determination

Static contact angles were measured on all the samples using deionized water as a
fluid by an FTA 1000 (First Ten Angstroms, UK) instrument. More in detail, 4 pL
of deionized water were dropped onto fiber mats. Images of the water droplet were
taken at a time of 10s. At least seven spots of each composite nanofiber mat were
tested and the average value was taken.

Statistical analysis

Statistical analyses of the data were performed through ANOVA by using the
GraphPad Prism version 6 software (GraphPad Software Inc., La Jolla, CA).
Significant differences among mean values, where applicable, were determined by
the means of ANOVA and by Tukey’s HSD post hoc test for multiple compari-
sons. In all cases, a value of p <0.05 was considered statistically significant.

Results and discussion

Morphology, ATR-FTIR, and wettability of electrospun PLA/PEG and PLA/PEO
blends
SEM micrographs of electrospun materials are shown in Figure 1 while in Figure 2

the mean diameter of the electrospun fibers as a function of PEG and PEO amount
is reported.
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Figure 1. SEM micrographs of electrospun blends. PEG: polyethylene glycol; PEO: polyethylene
oxide; PLA: polylactic acid.
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Figure 2. Mean diameter of the electrospun fibers as a function of the amount of PEG and PEO
loaded with 28 wt% of CRV or in the absence of CRV. CRV: carvacrol; PEG: polyethylene glycol;
PEO: polyethylene oxide; PLA: polylactic acid.

The micrographs reveal that the fibres are randomly oriented and their diam-
eters are in the microscale range for all the investigated systems. In particular, for
PLA it is possible to observe that the fibres present homogeneous diameters all over
the surface and smooth and regular morphology. The fibers of the blends mats are
less regular if compared with those of neat PLA electrospun mats, in particular at
higher PEG and PEO composition. They also present different mean fibers diam-
eter as shown in Figure 2.

More in detail, blends containing 25wt% of PEG (25% PEG) exhibit fibers
morphology and mean diameter (1.38 £0.27 um) very similar to that of neat elec-
trospun PLA (1.41+0.26 um). On the other hand, the fibers mean diameter
decreases upon increasing PEG amount (1.24+0.24um for 50% PEG and
1.05+£0.23 um for 75% PEG) becoming statistically different (p <0.05) if com-
pared to neat PLA. Furthermore, for the systems containing 50wt% and
75wt% of PEG (50% PEG and 75% PEG), the fibers show a certain number of
beads, very numerous for the 75% PEG mats. Furthermore, SEM analysis revealed
that neat PEG cannot be electrospun with the chosen processing parameters result-
ing in the formation of micrometric particles. This phenomenon agrees with other
scientific works revealing that polymers with molecular weight below 50,000 Da are
hardly electrospinnable [57].

Figure 2 highlights that the presence of 25 wt% and 50 wt% of PEO (25% PEO
and 50% PEO) induces a slight increase of fibers diameter (1.42+0.12 um and
1.48 £0.13 um, respectively) when compared to those of neat electrospun PLA
(1.41 £0.13 um). The 75% PEO system shows very irregular fibers and a very
heterogeneous fibers distribution with mean fibers diameter (1.63240.145 um)
statistically different (p < 0.05) when compared to neat PLA. Neat PEO exhibits
quite regular fibers presenting mean diameter very similar to that of PLA
(1.44 £0.14 pm).
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Figure 3. Complex viscosity of the polymeric solutions. PEG: polyethylene glycol; PEO: poly-
ethylene oxide.

Generally, it is well known that an increase of the solution viscosity induces the
formation of fibers with larger average diameters [2,58]. The correlation between
the viscosity of the solutions and the fibers diameter of electrospun mats was
investigated by studying the complex viscosity of the polymeric solution as
reported in Figure 3.

As expected, and coherently with the morphological observation, PLA/PEO
solutions show higher viscosity if compared to neat PLA solution in the whole
range of frequencies and it increases upon increasing PEO content.

On the other hand, the rheological tests reveal that the viscosities of all the
materials containing PEG are lower than the viscosity exhibited by the pure
matrix and, in agreement with SEM analysis, they decrease upon increasing the
PEG content.

Figure 4 shows the morphology of CRV-loaded electrospun polymer blends as a
function of PEG and PEO amount. Adding 28 wt% of CRV in PLA induces a
worsening of the fibers morphology.

In fact, from SEM analysis shown in Figure 4, it is possible to observe that the
morphology of PLA/CRYV fibers is a little bit rougher when compared to neat
electrospun PLA (Figure 1) and that the fiber’s diameter distribution is more het-
erogeneous with a slight increase of the mean diameter size (Figure 2). In Figure 4,
75% PEG/CRYV and PEG/CRYV are not shown since there was no deposition of
material on the collector with the chosen processing parameters.

The 25% PEG/CRV show quite smooth and regular fibers characterized by
thinner diameter when compared to 25% PEG. A different behavior was observed
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Figure 4. SEM micrographs of electrospun blends loaded with 28 wt% of CRV. CRV: carvacrol;
PEG: polyethylene glycol; PEO: polyethylene oxide; PLA: polylactic acid.
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for 50% PEG/CRYV that shows a higher number of beads among the fibers when
compared to the equivalent system without CRV.

The addition of CRV in 25% PEO mats (25% PEO/CRYV) did not significantly
affect the fiber’s morphology. In fact, their fibers are similar to that of the corres-
ponding blend without CRV. On the other hand, upon increasing the PEO amount,
the morphologies are evidently different, with a higher amount of merged fibers.
SEM images of PEO/CRYV showed a quite compact morphology with sporadic
short fibers.

These analyses revealed that CRV did not significantly modified blend morph-
ology at higher PLA content. At the same time, the morphology was found to be
worsened at the other composition.

Figure 5(a,b) shows ATR-FTIR measurements carried out on neat PLA and on
all PLA/PEG (Figure 5(a)) and PLA/PEO (Figure 5(b)) mats. As listed in Table 2,
the bands at 1360 and 1344cm ™' of PEO and PEG are assigned to CH, wagging
modes; the -C—O- stretching vibrations of PEG and PEO can be related to three
bands at 1148, 1113 and 1061 cm™!. The CH, rocking band of crystalline PEG
occurs at 962 cm ™! [59].

The ATR-FTIR spectra of electrospun PLA revealed a clear band at 1211 cm™"
(-C =0 bend) whereas a faint band is evident around 1265cm™"' (-C—O- stretch)
which is typical of PLA (Table 2).

As expected, the FTIR-ATR spectrum of PLA/PEG and PLA/PEO blends show
bands that are typical of both PLA and PEG or PEO. In particular, at 1344 cm™"
(CH, of PEG and PEO, band 15 in Figure 5(a,b)) it is possible to observe a band
with increasing intensity upon increasing the PEG or PEO amount in the blends.
On the other hand, the band related to the -C=0O carbonyl stretch of PLA at
1747cm™" (band 1 in Figure 5(a)) proportionally decreases upon increasing PEG
or PEO amount. The results highlight that there is no evidence about chemical
interaction between polymers in blending systems.

CRYV shows characteristic bands at 2960 (—CH- stretching), 1459, 1382 and 1346
(CH deformation), and 866 and 812cm ™' (aromatic ring) [61]. In Figure 4(a) and
(b) it is possible to observe that all the blends loaded with CRV show several bands
ascribable to the essential oil. In particular, for all the ternary systems, the band at
812cm™! can be observed, related to the CRV aromatic ring thus confirming the
successful inclusion of additive in the electrospun nanofibers.

It is well known that PEG and PEO modify the wettability of PLA [46].
Electrospun PLA/PEG and PLA/PEO blends, loaded with 28 wt% of CRV or in
the absence of CRV, were characterized with water contact angle (WCA) in order to
verify the hydrophilicity of the systems. Electrospun PLA, as already observed in
other works [62], showed a 6,, of 115.4° & 1.2° while PLA/CRYV mats show a 6, of
85.9°£0.8°. All the PLA/PEG and PLA/PEG/CRY blends display a 6, of 0°. The
same was observed for the PLA/PEO systems while PLA/PEO/CRYV blends show an
increasing value of 6, upon increasing the PEO content. In particular 6,, of 25%
PEO/CRV s 0°, 6, of 50% PEO/CRV is 35.3° £ 0.6°, the 75% PEO/CRYV shows a 0,
of 41.8°+£0.7° and for PEO/CRV 6,, is 58.4°+0.7°. The wettability of the
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Figure 5. FTIR-ATR measurements of (a) PLA/PEG and PLA/PEG/CRY electrospun fibers and of
(b) PLA/PEO and PLA/PEO/CRY electrospun fibers. CRV: carvacrol; PEG: polyethylene glycol;
PEO: polyethylene oxide; PLA: polylactic acid.

electrospun mats depends on several variables such as: (i) matrix composition,
(i1) surface chemical functional groups, and (iii) morphology of the fibers. As already
observed in previous works, the incorporation of CRV in hydrophobic polymers
causes a decrease in the contact angle values [63,64]. As expected, the WCA
reduction is even more evident in the presence of PEG and PEO and the value
of 0, remains 0° even in PLA/PEG/CRYV mats. The increment of 6, observed for
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Table 2. Band assignment for PLA [60] and PEG and PEO [59].

Band number Assignment Wavenumber cm™' Ref
PLA [60]

| —C=0 carbonyl stretch 1747

—CH3; bend 1456
3 —CH- asymmetric; symmetric 1382; 1360
deformation

4 —CH- bend 1315-1300

5 —C-O- stretch 1265

6 —C=0 bend 1211

789 —C-O- stretch 1180, 1129, 1083

10 —OH bend 1044

I —CH3 rocking mode 955,916

12 —C—-C- stretch crystalline phase 869

13 Amorphous phase 755
PEG/PEO [59]

14 —C-C- strech 1360

15 —CH; wagging mode 1344 (sym)

16,17,18 —C—-O- strech 1148, 1113, 1061

19 —CH,; rocking mode 962 (asym)

20 —C-O- strech 948 (sym)

2] —CH,; rocking mode 843 (asym)

PEG: polyethylene glycol; PEO: polyethylene oxide; PLA: polylactic acid.

PLA/PEO/CRYV can be likely ascribed to the morphology changes observed with
SEM micrographs (Figure 4). The increment of fibers diameter can induce a reduc-
tion of porosity of the mats thus avoiding water droplet absorption of the water
droplet during the measurements.

Mechanical properties

Representative stress—strain curves of the electrospun PLA, PEO, PLA/PEG
(25% PEG, 50% PEG), and PLA/PEO (25% PEO, 50% PEO and 75% PEO)
loaded with 28 wt% of CRYV or in the absence of CRV are shown in Figure 6.
In Figure 7(a—) and in Table 3 there are reported elastic modulus (Figure 7(a)),
tensile strength (Figure 7(b)) and elongation at break (Figure 7(c)) as a function of
PEG or PEO amount.

In the inset of Figure 6 some vibrating points likely due to the low force opposed
by the highly porous electrospun mats can be observed [19]. The crosshead speed
change caused the cusp points visible at 10% strain in the stress—strain curves.
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Table 3. Elastic modulus (E), tensile strength (TS), and elongation at break (&) of the electro-

spun blends.

Sample E (MPa) TS (MPa) e (%)

PLA 62.50 +7.94° 1.80+0.18° 10.17 +0.98*
PLA/CRV 98.17 + 12.30° 6.83 +0.49° 113.50 + 18.43°
25% PEG 107.83 + 11.69° 2.134+0.23%de 27.67 +4.63*°
50% PEG 73.17 £7.52° 1.07 +£0.12° 10.08 + 1.02°
25% PEO 72.50 £ 8.96° 242+021¢ 141.50 £22.62°
50% PEO 65.50 4 7.26 2.33+0219% 114.17 +18.28°
75% PEO 31.83 £ 4.45%¢ 1.93 +0.22%¢ 94.17 + 14.29°
PEO 21.17 £2.48°¢ 5.58 +0.08" 6.75+2.52*
25% PEG/CRV 95.50 + 11.34° 2.47 +0.28° 62.33+9.31¢
25% PEO/CRV 39.50 + 3.83¢ .78 +0.20° 96.33 + 14.45°
50% PEO/CRV 8.97 + 1.82°F 1.29 +0.14 40.33 +6.38%¢
75% PEO/CRV 7.80 £ 1.12f 0.83 +0.08< 34.17 £4.92¢

CRV: carvacrol; PEG: polyethylene glycol; PEO: polyethylene oxide; PLA: polylactic acid.
Values are given as means =+ SD. Different letters in the same column indicate significant differences (p < 0.05)
when analyzed by Tukey’s multiple comparisons tests.

The stress—strain curve of PLA electrospun mats presents the typical shape of a
brittle material exhibiting a relative high elastic modulus and low elongation
at break.

As already observed in some recent works focused on electrospun PLA and
PLA/CRYV, the presence of CRV can cause an increment of all the investigated
mechanical properties [54]. In this work, loading 28 wt% of CRV in PLA causes
an increment of the elastic modulus of ~72%; TS increases of ~455%; & increases
of ~1380%.

When compared to PLA, the system loaded with 25wt% of PEG exhibits an
increment of elastic modulus, tensile strength, and elongation of ~72%, ~17%,
and ~170%, respectively. The 50% PEG shows a decrease of elastic modulus when
compared to 25% PEG but it is still ~17% higher than PLA. For this membrane,
the tensile strength is ~36% lower than that of neat PLA while the elongation at
break is approximately the same. Electrospun PEO shows the worst mechanical
performances with low elastic modulus (~20 MPa), tensile strength (~0.56 MPa),
and elongation (~7%).

The mechanical properties of electrospun mats mainly depend not only on the
properties of the polymer matrix but also on the additives, on the surface proper-
ties, and on the morphological features of the porous structures.

The increment of both elastic modulus and elongation of the electrospun mats
containing CRV was already ascribed to the double effect of CRV incorporated in
PLA in a previous work [65]. On one hand, CRV can increase the elongation acting
as a plasticizer and, at the same time, it can hinder the fibers slipping enhancing the
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Figure 8. Morphology of the membranes PEG 50 and PEO 50 as a function of the immersion
time in distilled water at 80°C. PEG: polyethylene glycol; PEO: polyethylene oxide.

surface interactions between the fibers thus leading to an improvement of the
elastic modulus [63,65].

A similar explanation can be assumed for the improved mechanical behavior of
blends containing 25 wt% of PEG or PEO. In fact, PEG or PEO can enhance the
surface interactions among the fibers and it can increase the mechanical perform-
ances of the mats. PEG shows higher reinforcing effect while PEO exhibits higher
plasticizer effect.

Neat PEG or PEO displays low values of elastic modulus, tensile strength, and
elongation at break. These features can explain the gradual worsening of the mech-
anical properties of the blends upon increasing PEG or PEO amount.

These results can be likely related to the separation of PEG or PEO from PLA at
the solid state. In fact, it is well known that PEG and PEO are partially miscible in
PLA and that their miscibility decrease upon increasing the molecular weight
[47,48]. In order to observe the eventual phase separation of PEG or PEO from
the electrospun fibers, the systems containing 50wt% of PEG and PEO were
immersed in distilled water at 80°C up to 50 min. The temperature was chosen in
order to accelerate the separation.

The morphology of the PEG-containing membranes, Figure 8, remains almost
constant even after 50 min of immersion thus suggesting that, for this composition,
the PEG does not significantly separate from PLA. On the other hand, 50% PEO
electrospun mats show an evident change of the fiber’s morphology after 10 min of
immersion. The finest fibers appear bent while the presence of nanopores on the
surface of the largest fibers can be observed. Furthermore, the number of nano-
pores increases upon increasing the immersion time. This phenomenon can be
likely due to the selective leaching of PEO separated from PLA. The different
behavior of PEG and PEO can be explained to the difference of their molecular
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weight. In particular, PEG (10,000 Da) is probably characterized by higher misci-
bility in PLA when compared to PEO (100,000 Da) and for this reason any leach-
ing of PEG phase cannot be found. This result, in agreement with other scientific
works [66], was already explained taking into account that PEG offers a lower
steric encumbrance if compared to PEO and, as a consequence, it better fits
among PLA molecular chains: this makes difficult the solid-state phase separation.
On the contrary, PEO, which shows a chain length comparable to that of PLA used
in this work, tends to re-aggregate at the solid state, thus forming regions with
higher concentration that can then be solvated by water [66].

Therefore, the worsening of the mechanical behavior of PLA/PEO blends can be
also related to the separation of PEO phase from PLA at the solid state that can act
as a defect. This phenomenon is less evident in the PLA/PEG systems that, in fact,
exhibit higher elastic modulus in comparison with PLA/PEO blends.

If compared to the corresponding binary blend, the ternary systems show an
evident drop of all the mechanical properties on increasing PEG or PEO amount.
This behavior can be likely related to the worsening of the fiber morphology
induced by the presence of CRV (Figure 4) as already discussed in the previous
section.

Release kinetics

The release of CRYV is expressed in Figure 9(a,b) as the ratio M/M., where M, is
the amount of oil components released at time z, and M is the theoretical amount
of CRYV incorporated in the mats. For all the investigated systems, the release of
CRYV is characterized by three phases. A burst phase in the initial part of the
release, a second phase characterized by slower release rate, and a final plateau
region, also according to our previous works [54,65].

The results show that all the mats immersed in PBS at 37°C released more than
60% of the whole cumulative oil after 50 h. Furthermore, the levelling off to the
plateau region is achieved after 4 to 98 h depending on the blend composition.

In order to understand the release mechanism of the two systems, the experi-
mental data are reported by plotting M/M,, versus time in logarithmic axes
(Figure 9(b)) and fitted using the power law model

M,
M

= kt" (1)

where ¢ is the release time, k is a kinetic constant related to the properties of the
drug delivery system, and » is the diffusion exponent that characterizes the release
mechanism. In particular, according to Peppas and Sinclair [67], when 7 is lower
than 0.5 the drug release is diffusion-controlled (Fickian), when # is equal to 1.0 it
indicates the swelling-controlled drug release [61,68-71].

Values of n between 0.5 and 1.0 can be regarded as an indicator for the super-
position of both phenomena defined as anomalous transport. Generally, this model
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Figure 9. Release kinetics of carvacrol from the electrospun membranes in PBS at 37°C
expressed as M/M.. (a) Linear axes; and (b) logarithmic axes. PEG: polyethylene glycol; PEO:
polyethylene oxide; PLA: polylactic acid.

is used to fit the release data in the entire testing time but, according to this rule, the
so obtained correlation coefficient (R?) was not satisfactory. In fact, it is worth
nothing that almost all the mathematical models are not able to predict burst effect
during drug release. Based on these results, the release data were then fitted by
splitting them in three different ranges as reported in another work [58], i.e. the
initial burst stage (I), the following slower release rate (II), and the final plateau
region (III).

The power law parameters related to the release kinetic of CRV, see Figure 9(b),
are listed in Table 4.
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Table 4. Power law parameters obtained from the release kinetic of CRV.

k n R?
PLA | 0.1874 0.7452 0.999
25% PEG | 0.4663 0.5123 0.969
50% PEG | 0.514 0.4415 0.976
25% PEO | 0.4238 04161 0.967
50% PEO | 0.1618 0.7573 0.996
75% PEO | 0.1014 0.7218 0.998
PEO | 0.0784 0.7878 0.998
PLA II 0.5776 0.1192 0.955
25% PEG Il 0.882 0.0241 0.920
50% PEG |l 0.9037 0.0189 0.921
25% PEO |I 0.7963 0.0363 0.959
50% PEO Il 0.4886 0.144 0.930
75% PEO |I 0.2062 0.3294 0.993
PEO II 0.178 0.335 0.993
PLA IlI 09128 0.0116 0.959
25% PEG IIl 0.9683 0.0024 0.954
50% PEG IlI 0.9253 0.0127 0.955
25% PEO I 0.8384 0.0229 0.933
50% PEO |lI 0.8177 0.0216 0.931
75% PEO I 0.874 0.0047 0.990
PEO IIl 0.5641 0.0768 0.985

PEG: polyethylene glycol; PEO: polyethylene oxide; PLA: polylactic acid.

According to these results, it can be hypothesized that PEG promotes CRV
release probably increasing PLA chain’s mobility and CRV diffusion. The 25%
PEO seems to present a similar behavior even if the kinetic is slower upon increas-
ing PEO content. These results can be better explained considering the morphology
of the samples after CRV release.

Figure 10 shows the SEM images of the membranes after CRV release in PBS at
37°C. The PEO/CRYV morphology is not reported since the membrane in contact
with PBS rapidly reduced its apparent volume forming a gelatinous pellet. Both
membranes containing PEG show a morphology similar to that before the immer-
sion in PBS. Differently, PEO-containing membranes exhibit a more dense morph-
ology when compared to the pristine ones. In particular, 25% PEO/CRV shows a
similar morphology before and after immersion while in 50% PEO/CRYV and 75%
PEO/CRYV the fibers seem to be merged. From these figures, it is possible to assume
that the reduced kinetic release of the 50% PEO/CRYV and 75% PEO/CRYV can be
related with the reduced surface area of the membranes due to the change of fiber’s
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25% PEG/CRV

Figure 10. Membranes morphology after 260 h in PBS at 37°C. CRV: carvacrol; PEG: poly-
ethylene glycol; PEO: polyethylene oxide.

morphology. These results suggest that PLA/PEG blends are more suitable for
rapid drug release while PLA/PEO blends are preferable for systems needing a
more sustainable release.

Conclusions

In this work, a systematic study of PLA/PEG and PLA/PEO electrospun blends at
different concentrations was carried out. From a morphological point of view, the
fiber’s diameter decreased upon increasing the amount of PEG showing beads that
become very numerous for 75% PEG mats while neat PEG cannot be electrospun
with the chosen processing parameters. PEO induced an enlargement of the fibers
diameter and an increase of irregularities of their topology. These results were
related with solutions viscosity since, usually, the highest the solution viscosity
the highest the fiber’s diameter. Accordingly, solution viscosity decreased upon
increasing PEG content and increased upon increasing PEO ratio in the blend.
The presence of 25% of PEO induced a slight increase of fiber’s diameter when
compared to neat electrospun PLA. The 50% PEO morphology was found to be
very similar to that of PLA while 75% PEO showed very irregular fibers. SEM
investigation revealed that neat PEO can be electrospun with the chosen process
parameters exhibiting a quite regular fibers morphology. The morphology of CRV-
containing membranes is very different from the corresponding blends, in particu-
lar for the PLA/PEO systems. The mechanical performances were found to be
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improved for blends at low PEG or PEO content, but they worsened in the other
cases. PLA added with CRV exhibited higher mechanical properties but they rap-
idly decreased upon increasing the amount of PEG or PEO. The study of release
mechanism through the exponential model highlighted that PEO-containing mem-
branes changed the release mechanism from anomalous drug diffusion in the first
6 h to a Fickian diffusion mechanism for the rest of the test. PEG-containing blends
showed, instead, a Fickian diffusion mechanism during the entire release time.
Furthermore, from this study it was possible to conclude that the PEG accelerated
the kinetic release of CRV while PEO reduced it. This phenomenon was related to
the change of morphology during the release from PLA/PEO systems. These results
suggested that PEG can be considered a PLA additive suitable for rapid drug
release while PEO is preferable for systems needing a more sustainable release.
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