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Effect of the Incorporation a Commercial Ricinus
communis Extract on the Morphology and Properties of
Poly (lactic acid) Electrospun Mats

Efecto de la incorporacion de un extracto comercial de Ricinus
communis en la morfologia y las propiedades de las matrices electro-
hiladas de poliacido lactico

Javier M. Anaya-Mancipe ©!, José A. Anaya-Mancipe 2, Marceli N. da Concei¢do ®3, and
Rossana M. S. M. Thiré ©*

ABSTRACT

Chronic skin wounds represent a major challenge in healthcare, necessitating the development of advanced biomaterials capable of
promoting healing while maintaining structural integrity. In this study, poly(lactic acid) (PLA) nanofibrous mats were produced via
electrospinning and loaded with a commercial extract of Ricinus communis (castor seed oil) as a potential dressing material. The
process was performed in two phases: first, the optimal electrospinning parameters (voltage and flow rate) were selected by means
of an analysis of variance (ANOVA); subsequently, the castor oil extract was incorporated into the PLA solution. Morphological and
chemical analyses were carried out using scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR).
The wettability and absorption capacity were evaluated through contact angle measurements and swelling tests. The incorporation
of castor oil increased swelling by 60% without affecting the contact angle (132°), indicating reductions in hydrophobicity without
compromising surface characteristics. Additionally, the presence of excipients in the commercial extract affected the thermal
behavior and crystallinity of the PLA. These findings highlight the potential of electrospun PLA mats containing Ricinus communis
extract as functional wound dressing materials, combining biocompatibility, structural performance, and tunable physical properties
for chronic wound management.
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RESUMEN

Las heridas cutaneas crénicas representan un desafio importante en el ambito de la salud, lo que requiere el desarrollo de biomateriales
avanzados capaces de promover la cicatrizacion a la vez que se mantiene la integridad estructural. En este estudio se produjeron
mantas fibrosas de poli(acido lactico) (PLA) mediante electrohilado y se incorpord un extracto comercial de Ricinus communis (aceite
de ricino) como posible material para ap6sitos. El proceso se realizd en dos fases: primero, se seleccionaron los parametros 6ptimos
de electrohilado (voltaje y caudal) mediante un andlisis de varianza (ANOVA); posteriormente, se incorpord el extracto al polimero.
Se realizaron andlisis morfoldgicos y quimicos mediante microscopia electronica de barrido (SEM) y espectroscopia infrarroja por
transformada de Fourier (FTIR). La mojabilidad y la capacidad de absorcion se evaluaron mediante ensayos de hinchamiento y
mediciones del dngulo de contacto. La incorporacion del extracto incrementd el grado de hinchamiento en un 60 % sin alterar el
angulo de contacto (132°), indicando una menor hidrofobicidad sin comprometer la superficie. Ademas, los excipientes del extracto
afectaron el comportamiento térmico y la cristalinidad del PLA. Estos resultados destacan el potencial de las mantas electrohiladas
de PLA con extracto de Ricinus communis como apdsitos funcionales, combinando biocompatibilidad, desempefio estructural y
propiedades fisicas ajustables para el manejo de heridas croénicas.
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Introduction

The skin is the largest organ of the human body, acting as
a protective barrier and blood reservoir [1]. However, its
external exposure makes it vulnerable to environmental
factors such as heat, humidity, and friction, which can
compromise structural integrity and lead to wound
formation [2]. Treating chronic wounds remains challenging,
as it requires solutions that combine efficacy, safety, and
accessibility [3].

In recent years, the use of advanced biomaterials with
incorporated bioactive compounds has emerged as a promising
approach to accelerate wound healing [4], [5]. Electrospinning,
widely employed for producing nanostructured mats, enables
the incorporation of active molecules into polymeric matrices,
generating fibrous scaffolds with high surface area and tunable
porosity that promote tissue regeneration and controlled
release [6], [7], [8].

Among the bioactive compounds, castor oil (Ricinus
communis) has attracted attention due to its
pharmacological properties. Rich in ricinoleic acid (™~ 90%)
and other fatty acids, castor oil exhibits anti-inflammatory,
antimicrobial, and regenerative effects [9]. In vitro studies
have shown that it stimulates cell proliferation and collagen
synthesis, accelerating healing [10], while preclinical trials
have confirmed its efficacy in reducing inflammation
and tissue regeneration time. However, exposure to
environmental conditions may trigger the oxidation of
secondary metabolites, compromising stability and efficacy
[11].

Several studies have reported the incorporation of castor
oil into polymeric systems, mainly as a plasticizer or
functional modifier. [12] synthesized branched PLA with
a castor oil core, demonstrating a reduced glass transition
temperature (Tg) and an enhanced chain mobility. [13]
incorporated natural and modified castor oil into PLA
during melt processing, confirming changes in crystallinity,
thermal stability, and mechanical performance. [14]
developed electrospun polyurethane/castor oil scaffolds
for cardiovascular applications, highlighting the potential
of castor oil to improve flexibility and biocompatibility in
fibrous systems. These works confirm the versatility of
castor oil as a functional additive.

Beyond castor oil, other natural extracts have also been
incorporated into PLA matrices in order to modulate
physicochemical behavior. For instance, [15] prepared PLA/
babassu oil membranes with improved hydrophilicity and
swelling. [16] incorporated peppermint essential oil into PLA
nanofibers, modifying crystallinity and thermal transitions.
[17] studied PLA/castor oil blends via melt processing,
reporting changes in degradation kinetics. Similar effects
have been reported for PLA-based fibers containing
bacitracin and Zataria multiflora extract [18], silver
nanoparticles [19], and other phytocompounds [20], [21],
confirming that natural additives strongly influence fiber
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morphology, viscosity, and polymer crystallinity. Despite
these advances, no study has systematically evaluated the
incorporation of a commercial pharmaceutical formulation
of castor oil into electrospun PLA fibers. Products such
as Linitul, which combine castor oil with excipients (e.g.,
Peru balsam, petroleum jelly, paraffin, dimethicone) [22],
may significantly affect spinnability, morphology, thermal
stability, and absorption properties.

This study addressed this gap by investigating the
morphological, chemical, thermal, and functional properties
of PLA mats with a castor oil-based extract (COE) intended
for wound dressing applications.

We hypothesized that incorporating a COE into
electrospun PLA mats will act as a functional plasticizer,
enhancing moisture absorption and flexibility while
preserving fiber integrity. To test this, PLA mats were
characterized via scanning electron microscopy (SEM,
morphology), Fourier transform infrared spectroscopy
(FTIR, chemical interactions), thermalgravimetric analysis
(TGA), and differential scanning calorimetry (DSC,
thermal behavior). Dynamic mechanical analysis (DMA)
was performed to evaluated the mechanical response and
infer the miscibility between PLA and COE. Wettability
(contact angle) and exudate absorption capacity (swelling
degree) were also assessed. The following sections
describe the experimental procedures, present and
discuss the results, and conclude with the main findings
of this study.

Materials and methods

Materials

Poly(lactic acid) pellets (Mn: 71 931 g/mol; Mw: 122 080
g/mol, PDI: 1.72) (Ingeo Bio-polymer 2003D, NatureWorks
LLC) were purchased from BASF. Analytical grade chloroform
(Chl) was purchased from Ex6do Cientifica SA in Rio de
Janeiro, and dimethylformamide (DMF) was obtained from
Sigma-Aldrich in Sao Paulo, Brazil. The Ricinus communis
extracts (castor oil - COE) were purchased as a commercial
cream (Linitul) from Madrid, Spain.

Solution preparations

Initially, we conducted an electrospinning parameter
study. To this effect, three different solutions with 15,
17.5, and 20 wt.% PLA concentrations were prepared using
a Chl/DMF solvent system with a volumetric ratio of 7:3,
under magnetic stirring for 4 h at room temperature [14].
Afterwards, 5 ml of the PLA solution were prepared (15
wt.%), incorporating three different concentrations in 0,
10, and 20 wt.% of the COE as a function of the polymer
mass ratio, denoted as PLA0OO, PLA10, and PLA20. The
solutions were subjected to magnetic stirring for 1 h at
room temperature.
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Electrospinning process

To produce the PLA/COE mats, a horizontal electrospinning
system was employed, comprising a high-voltage source
(PS/FC 60p02.0-1), a KDS 100 series syringe pump for
injection, and an aluminum collection plate grounded
with a wire. Each solution (5 ml) was loaded into a plastic
syringe fitted with a 24-gauge metal needle. Electrospun
PLA fibers were produced using a fixed needle-to-collector
distance of 17 cm, while the applied voltage (12.5, 15, and
17 kV) and the flow rate (0.5, 0.75, and 1.0 mL/h) were
varied.

Characterization

Viscosimeter. Rheological measurements of the PLAOO,
PLA10, and PLA20 solutions were performed using a
ViscoQC-100 rotational viscosimeter (Anton Paar Trading
Co., Shanghai) and a CC18 spindle. The shear rate was
varied (1-10 rpm) at room temperature.

Surface tension. The surface tension of the three PLA
solutions with and without COE was determined using the
drop methods described by [23]. To this effect, 50 drops of
each solution were weighed in an analytical balance (AY220,
Shimadzu Brazil LTDA, Sdo Paulo, Brazil). The surface
tension value (y,) was calculated using the water tension
(0.072 N/m), the weight of the PLA solution (50 drops), and
the weight of water, as showin in Eq. (1).

Y M,
Ve =—T—" (1)
Md

Scanning electron microscopy (SEM). The PLA fibers’
morphology with and without the extract was evaluated
by SEM. To this effect, we used a Tescan VEGA (Czech
Republic). The samples were coated with carbon for 120 s
before the SEM analysis. The fiber diameters were measured
using SEM images in the SizerMeter.1 software, with n = 50
per sample.

Chemical composition (FTIR-ATR). The mats’ composition
and the chemical interaction between the polymer and the
extract (COE) were evaluated in a Fourier transform infrared
(FTIR) spectrophotometer (model 6000, Thermo Scientific)
with an attenuated total reflectance accessory (ATR). The
analysis was performed in the 4000-650cm™" region, with
128 scans and a resolution of 4cm™".

Thermal behavior (TGA-DSC). The thermal stability and
weight loss of the electrospun mats and the pure dry
extract were evaluated by means of a thermogravimetry
analysis, using Shimadzu TGA-50 with a heating range of
25 to 700 °C and a heating rate of 10 *C/min under a N,
atmosphere.

The thermal transition of the PLA/COE composite was
performed through differential scanning calorimetry (DSC),
using Shimadzu equipment. Approximately 10 mg of each

sample were used in this analysis, conducted at rate of
10 "C/min under a N, atmosphere with a flow rate of 50
mL/min. The samples were analyzed in two heating and
one cooling cycle. The first heating cycle went from 20 to
180 °C, followed by one cooling cycle (180 to 0 °C). The
second heating cycle took place at 180 °C. The analysis was
conducted under a nitrogen gas flow. Crystallinity (Xc) was
calculated using Eq. (2).

) 2)

where AH. is the melting enthalpy of the endothermic peak
of the DSC thermogram (second heating cycle), and AH®,
=106 j/g is the theoretical melting enthalpy for a 100%
crystalline PLA sample [24].

Mechanical behavior. Tensile tests were performed on the
PLA/COE electrospun mats using a dynamic mechanical
analysis (DMA, TA Instrument Q800, USA) in controlled
force mode. A pre-load of 0.05 N was applied, and the
specimens were stretched at a rate of 0.1 N/min until failure
at room temperature (~25°C). Three tests were performed
for each sample (n = 3), with dimensions of 30 x 5 mm and
a thickness of about 1 mm [25].

Wettability. A contact angle analysis was performed in order
to evaluate the wettability of the mats with the variation in
the COE mass ratio (PLAOO, PLA10, and PLA20). To this
effect, we used a Ramé-Hart NRL A 100-00 goniometer. A
drop of distilled water (4 pL) was deposited on the surface
of each mat at room temperature. The contact angles were
measured in triplicate.

Swelling. The swelling capacity of the PLA0O, PLA10, and
PLA20 electrospun mats was tested in two phosphate-
buffered saline solutions (PBS, pH=7.4 and 4.0). The degree
of swelling (SD) of the samples was calculated in triplicate
(n=3) using Eq. (3).

SDC(%)=IOOxM 3)

D

where W_ is the weight of the swollen sample at a given
time, and W/ is the initial mass of the mats (dry weight) [16].

Statistical analysis. All data were expressed as the
mean = standard deviation of at least three samples. A
one-way analysis of variance (ANOVA) was conducted to
determine the statistical significance of the data. This was
done using Origin 9.1. A value of p <0.05 was considered
to be statistically significant.

The production and characterization of the wound dressing
is depicted in Fig. 1.
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+ Castor O .
i P gl

Figure 1. Scheme of the experimental procedure used in this study,
including electrospinning optimization, castor oil extract incorporation,
and physicochemical characterizations

Source: Authors

Results and discussion

Before discussing the experimental results, it is important to
emphasize that, unlike most studies that employ pure castor
oil, this work incorporates a commercially available and
clinically used formulation (Linitul). This product consists
not only of castor oil but also includes Peru balsam and
a complex mixture of excipients such as petroleum jelly,
beeswax, paraffin, and dimethicone [22]. These components
can significantly influence both the properties of the
solution and the final characteristics of the electrospun
mats, i.e., its morphology, crystallinity, and fluid absorption.
Therefore, the results presented herein offer a more realistic
and application-oriented understanding of the use of
phytopharmaceutical formulations in electrospun wound
dressings.

Spinnability study and PLA solutions

The initial focus of this study corresponded to variations
in electrospinning parameters such as flow rate, voltage,
polymer concentration, and their interaction. Accordingly,
three solutions with 15, 17.5, and 20 wt.% PLA were
prepared, using a binary solvent system of chloroform and
dimethylformamide (Chl/DMD, 7:3). The SEM micrographs
of these samples, which highlight the morphology of the
produced fibers, are presented in Figs. 2, 3, and 4 for the
solutions with 15, 17.5, and 20 wt.%, respectively. These
images reveal that the three concentrations lead to intra- and
intermolecular interactions of the polymer, as well as to a
sufficient entanglement of the polymer chains to support the
plastic deformation experienced during the electrospinning
process, thus producing continuous fibers free of defects.
The fibers obtained in this study had average diameters
ranging from 0.9 to 2 um, which is characteristic of this type
of polymer (PLA) when processed via electrospinning [17],
[18].
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0.75 mL/h

Figure 2. SEM images of electrospun PLA fibers obtained from a 15
wt.% PLA solution. Variations: flow rate and voltage (17 cm needle-to-
tip distance).

Source: Authors

12.5 kV

15 kV

17.5 kV

Figure 3. SEM images of electrospun PLA fibers obtained from a 17.5
wt.% PLA solution. Variations: flow rate and voltage (17 cm needle-to-
tip distance).

Source: Authors

Our study demonstrates that increasing the flow rate
yields larger average fiber diameters for less concentrated
solutions. This is consistent with the reported literature,
which attributes this behavior to the fact that a higher flow
rate offers a greater availability of polymer mass as the
needle tip, leading not only to larger average fiber diameters,
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but also to a greater diameter dispersion [27]. However, for
higher-concentration solutions, the diameters did not follow
this trend, which may be associated with instabilities in
the Taylor cone and increased difficulties in elongating the
polymer solution, probably due to the high surface tension.
As observed in Figs. 2, 3, and 4, with samples produced at
a flow rate of 1.0 mL/h, the fibers from less concentrated
solutions exhibit larger diameters. Conversely, those
produced from the 20 wt.% PLA solution display ribbon-
like morphologies (Figure 4), particularly in SEM images
obtained at 15 kV and at flow rates of 0.5 and 1.0 mL/h.
This behavior is likely due to the elevated viscosities, which
result in thicker fibers that do not completely evaporate
their internal solvent. Consequently, upon contacting the
collector plate, these fibers collapse into a planar shape,
creating the observed morphology [28].

0.5 mL/h

12.5 kV

15 kV

17.5 kV

Figure 4. SEM images of electrospun PLA fibers obtained from a 20
wt.% PLA solution. Variations: flow rate and voltage (17 cm needle-to-
tip distance).

Source: Authors

These observations corroborate literature reports indicating
that high viscosities in polymer solutions significantly
increase the surface tension, disrupting the formation of
the Taylor cone and leading to the development of dual jets
with varying diameters. This, in turn, results in fibers with
inconsistent diameters. Additionally, the increased mass and
speed of these fibers, coupled with an inadequate solvent
evaporation, causes larger fibers to collapse due to the
residual solvent. This effect is evident in Figs 3 and 4.

On the other hand, Fig. 5 summarizes the interactions
between the studied variables and their influence on the
diameter of the produced fibers.

As shown in Fig. 5, the flow rate and voltage variables had a
greater impact on the lowest concentration (15 wt.%). This
can be attributed to the fact that the polymer mass available
for fiber formation is more susceptible to instabilities in the
formation of the Taylor cone. This was more pronounced
when higher flow rates are used, which resulted in fibers
with larger diameters (Fig. 5, left). This behavior was not
observed in the fibers produced from more concentrated
solutions, as this variable is related to viscosity and surface
tension, exhibiting greater difficulties in deforming the
polymer solution droplet to produce fibers. This leads
to greater variability in fiber diameters, as well as to the
collapse and fusion of some fibers, which can be attributed
to insufficient solvent evaporation [21].

2400

2200
2000
1800
—
£ 1600
c
= 1400 Tension
o
5 1200 T = 12.5kV
1000 —#-= 15 kV
% F 7.5k
A 8o
600
400 15 wt. % 17.5 wt.% 20 wt.%
200
0.5 0.75 1 05 075 1 0.5 0.75 1

Flow rate (mL.h"")

Figure 5. Diagram showing the relationship between fiber diameter and
the studied variables
Source: Authors

Based on this information, the polymer solution that yielded
the best results in terms of morphology and processing was
that with 15 wt.% PLA (Fig. 5). This is why it was selected for
the remainder of this study, incorporating its active principle
and using electrospinning parameters such as a flow rate of
0.75 ml/h and a voltage of 12.5 kV. The subsequent sections
will present the studies carried out on PLA solutions with
two COE concentrations, examining how this extract affects
the properties of the polymer, as well as its processing via
electrospinning.

Evaluating the properties of the PLA/extract solutions

Once the optimal spinning parameters related to the
morphology and productive efficiency of the PLA (15 wt.%)
used in this study had been established, we incorporated
the proposed active ingredient at two concentrations. The
results were compared against those obtained with fibers
made from pure PLA. This prompted a comparative study
and the characterization of neat PLA and its blends with
the commercial COE. The literature reports that the active
ingredients of Linitul are Peru balsam and castor oil. Each
gram of this ointment contains a soluble fraction of 20 mg of
Peru balsam and 150 mg of castor oil. The other components
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(excipients) are filtered petroleum jelly, liquid petroleum
jelly, dimethicone, beeswax, and solid paraffin [22].

Initially, the study was conducted on solutions with and
without natural extracts, aiming to understand the molecular
interactions between the polymer macromolecules in
solution and the extract used in this work (COE). These
interactions are crucial in electrospinning, as they influence
the efficient formation of fibers. Fig. 6 shows the viscosities
and surface tensions of the PLA solutions with and without
COE.

14004

= PLAO
A * PLA10
12005 4 PLA20

8

8
° ° o
b S o

Viscosity (mPa.s)
g
&

g
8

>
Surface tension (N/m)
o
9

o
°

400 »: . .

— . . .
200 - - - 004

( A) 1 2 3 4 5 6 PLAO

Share rate (s) (B) Sample

Figure 6. Characterization of PLA solutions under varying extract
concentrations: a) viscosity, b) surface tension
Source: Authors

Fig. 6a depicts the variations in viscosity and surface tension
observed in the PLA solutions (15 wt. %) with and without
two different concentrations of COE. In the electrospinning
process, one of the most influential factors in producing
defect-free fibers is the concentration of the solution.
This is because the polymer macromolecules must exhibit
significant intermolecular interactions in order to ensure an
efficient entanglement. Such entanglement is crucial, as it
allows the polymer to undergo plastic deformation under
the repulsive electrostatic forces present during the spinning
process.

Fig. 6a illustrates the relationship between viscosity and
shear rate. It can be observed that the PLAOO solution
follows Newton’s law, with the viscosity remaining stable
(249.8 = 10.1 mPa.s) across all shear rates studied. When
10 wt. % COE is added, there is an increase of about 50%
increase in viscosity with respect to the neat PLA solution.
This behavior can be primarily attributed to the interactions
between the various components of the extract and the
polymer in the solution. The COE contains excipients such
as resins and petroleum jelly, which may act as plasticizers
due to their relatively low solubility in the solvents used,
especially dimethylformamide (DMF), which is more polar
than chloroform. This effect is further corroborated when
the concentration of the extract is increased to 20 wt. %,
as the solution’s behavior changes significantly, becoming
a non-Newtonian fluid (Fig. 6a). The viscosity decreases
with an increasing shear rate, indicating that the shear
forces applied during the test need to be higher in order
to effectively organize and align the polymer and extract
macromolecules [26, 29].
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Electrospun mats: PLA/extract incorporation

To evaluate the interaction between the COE and the
polymer, as well as its influence on the morphology of
the fibers produced via electrospinning, the mats were
characterized using SEM and contact angle measurement,
as shown in Fig. 7.

T T ™ ™ T ™ T
00 02 04 06 08 10 12 14 16 18 20
Diameters (um)

Figure 7. SEM images of the PLA mats with COE, as well as a histogram
and a contact angle photograph: a) PLA0O, b) PLA10, c) PLA20, d)
comparative histograms for the PLA/COE samples

Source: Authors

Fig. 7a shows the morphology of the PLAOO fibers (602.6
+ 176.4 nm), which are uniform and free of defects. These
were obtained under the processing conditions selected
in the initial study. In contrast, the average fiber diameter
obtained via electrospinning was lower than that reported
for electrospun PLA fibers from a trifluoroethanol solution
(16 wt. %, ~992 nm), demonstrating that the solvent
system employed herein effectively reduces the diameter of
the defect-free fibers [30].

As shown in Figs. 7b and 7c, it was possible to produce
electrospun fibers incorporating COE at the two proposed
concentrations (PLA10 and PLA20). A slight increase in
fiber diameters was observed when adding 10 wt. % COE
(787.9 =+ 249.5 nm), which can be attributed to an increased
solution viscosity (Fig. 5). In PLA20 (Fig. 7c), the fibers show
a more heterogeneous diameter than those obtained with a
higher extract concentration (963.2 = 401.6 nm), as shown
in Fig. 7d. The increase in the standard deviation on the
fibers is primarily related to instability in the formation of
the Taylor cone due to the high viscosity, indicating that this
amount of extract requires higher voltages when compared
to the other two solutions studied [31].

An interesting characteristic of the electrospun PLA mats
with COE is that the incorporation of the extract did not
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enhance the hydrophilicity of the mats, maintaining a
contact angle of approximately 134° (Fig. 7). In contrast, [13]
reported a reduced contact angle with a natural, unmodified
extract. This difference can be attributed to the commercial
multicomponent extract used in our study (Linitul), whose
excipients modulate surface interactions and prevent
significant variations in wettability [1].

Chemical evaluation of the PLA/extract mats

The chemical composition and interaction of the electrospun
PLA mats, with and without extract, were evaluated using
FTIR spectroscopy. The spectrograms of the samples PLA/
Coe are presented in Fig. 8.

PLA20 i 1085
- H
—~ |pLAt0 3
S o
[0}
o
C .
ol
E PLAOO
[2]
2 |
o
'_
Extracs

!

3420 Vi
. 2921 | | 2853

1750 | 1172 722

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 8. Comparative FTIR-ATR spectrogram of PLA mats with and
without COE
Source: Authors

Fig. 8 compares the FTIR spectrums of the electrospun
PLA mats, revealing key features that are indicative of the
polymer’s chemical structure. The mats (PLAOO, PLA10,
and PLA20) show a prominent peak at approximately 1750
cm™', which corresponds to the carbonyl (C=0) stretching
vibration of the ester groups, typical of the lactide units in
the PLA. The ester functionality is further confirmed by the
1195 cm~'band, associated with C-O stretching vibrations.
Additionally, the spectrum exhibits peaks around 1445 cm™,
attributed to C-H bending vibrations, which are indicative
of the methyl and methylene groups within the polymer
chain. The C-O-C stretching vibration of the PLA backbone
is observed in 1085 cm~" [16], [19], [32].

As for the FTIR spectrogram of the active material (COE),
characteristic bands are evident at 3400 and 2921 cm™',
attributed to the overtone vibrations of the methyl group
(-OH), which indicates the presence of castor oil at higher
concentrations of the commercial cream. This is supported
by the presence of characteristic bands, in addition to
that observed in [33]. The flexural vibrations of aliphatic
methylene and methyl C-H bonds at 1455 and 1380 cm™
suggest the presence of a saturated hydrocarbon in the oil.

On the other hand, stretching vibrations (C=C), as well as
bending CH vibrations of the benzene ring in the range of
910 to 723 cm™', suggest the presence of aromatic rings in
the extract used [17], [34].

Thermal behavior of the electrospun mats

Fig. 9 shows a comparative thermogram for the COE and
PLA mats with and without extract. The thermal stability of
the mats studied in this work was evaluated using by means
of TGA.

100 ~
—— Extract:
—— PLAOO
——PLA10
80 —— PLA20
9
» 60 -
7]
o
-
7]
2]
< 40
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100 200 300 400 500 600

Temperature (°C)

Figure 9. Comparative thermogram for the Ricinus communis extract
and the PLA mats with and without COE
Source: Authors

This figure compares the thermal stability of the COE, PLAQO,
PLA10, and PLA20. All PLA-based samples exhibited a single
mass-loss event associated with the thermal degradation
of the polymer, occurring between approximately 290
and 370 °C—this is consistent with values reported in the
literature [35]. The commercial COE, in contrast, degraded
over a broader temperature range (150-460 °C), reflecting
its complex composition. The incorporation of COE into
PLA slightly reduced the onset degradation temperature
(T,,..) by about 10-15 °C compared to the neat PLA fibers,
suggesting that the presence of the low-molecular mass
components in the COE promotes an earlier onset of thermal
decomposition. However, the main degradation step
remained within the typical range for PLA, indicating that the
overall thermal stability was largely preserved. No mass loss
was observed below 100 °C, confirming a complete solvent
removal during the electrospinning process [36].

These results contrast with those reported by [13], who
observed a significant increase in the onset degradation
temperature (T__ ) for PLA blends with castor oil, given
their use of a pure extract with higher thermal stability (T
of 344 °C) compared to neat PLA (T__ of 264 “C). In this
study, however, the commercial extract used showed a
lower T___ than the neat PLA, likely due to the presence of
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excipients or low-molecular-weight volatile compounds that
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promote an earlier thermal degradation [37]. Despite this
reduction in T, the PLA/COE blends exhibited a higher
overall thermal stability compared to neat PLA, a behavior
observed in electrospun PLA/M. officinalis extract samples
[38]. This behavior can be attributed to the plasticizing effect
of the extract, which increases polymer chain mobility and
allows for a more efficient distribution of thermal energy,
thereby delaying the progression of degradation throughout
the material.

The thermal transition of the electrospun PLA/COE mats was
evaluated via DSC. The thermal stages are depicted in Fig.
10 and Table 1.

Heat Flow (J/g)
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Figure 10. DSC thermogram of electrospun mats with varying COE
concentrations: a) first heating cycle, b) second heating cycle
Source: Authors

Fig. 10a shows the first heating cycle of the electrospun PLA/
COE mats, illustrating the thermal transitions associated
with the electrospinning process. In PLAOO and PLA20, an
exothermic crystallization peak is observed at 81 and 85°C,
respectively, which is typical of amorphous PLA. However,
this peak is absent in PLA10, suggesting that, at this
concentration, the extract may promote a more complete
crystallization.

As for the second heating cycle (Fig. 10B), all samples show
a glass transition (Tg) near 55-58 °C. Although the PLA/COE
samples exhibited slightly lower Tg values (by about 2 °C)
compared to the neat PLA (PLAQO). This variation falls within
the expected experimental error of DSC measurements
[40]. Therefore, it cannot be conclusively interpreted as
a plasticizing effect based on Tg alone. However, this
subtle shift, when considered together with other thermal
indicators, such as the reduction in crystallinity (Table I)
and fusion enthalpy, suggests a possible increase in chain
mobility induced by the extract. This interpretation aligns
with the known behavior of low-molecular-weight additives,
which may act as plasticizer and disrupt the crystalline
organization of PLA chains.

Furthermore, the melting temperature (Tm) profiles (Fig.
10b) display two endothermic peaks corresponding to
distinct crystal populations (&' and a). The incorporation
of COE altered the relative intensity and enthalpy of these
peaks, as shown in Table I, suggesting a reduction in the
ordered crystalline domains. This supports the hypothesis
that the extract interferes with the crystallization kinetics of
PLA during electrospinning [15], [20].

These findings are in line with previous studies reporting
the effect of natural additives on the thermal properties
of PLA. For instance, [39] observed a reduction in the Tg
and melting enthalpy of PLA upon incorporating karanja oil,
indicating a plasticizing behavior and decreased crystallinity.
[41] demonstrated that the addition of castor oil-derived
plasticizers such as raw butyl ricinoleate (RBR) and castor
oil glycidyl ether (COGE) lead to a substantial decrease
in Tg (from 59.3 to 47.7 °C) and Tm, given the reduced
intermolecular interactions and enhanced chain mobility. In
contrast, [13] reported an increase in crystallinity and thermal
stability when using pure castor oil, highlighting the role of
extract purity and composition. The lower crystallinity and
fusion enthalpy observed in our samples (PLA10 and PLA20)

Table I. Thermal stages in electrospun mats of neat PLA, and extracts variation in composition (PLA0O, PLA10, and PLA20)

Sample 1st heat cycle 2nt heat cycle
TC[°Cl| AHc[)/g] | Tm['C] | AHm [J/g] | Xc [%] Tg[°Cl Tc[°C] | Tm['C] | AHm [J/gl | Xc [%]
PLAOO 85,1 18,6 156,7 29,6 11,83 55,8 123,7 151,8 23,6 25,38
PLATO -- -- 156,8 25,2 27,10 53,7 124,6 151,6 13,1 14,09
PLA20 81,5 19,6 156,4 31,7 13,01 53,9 124,1 151,2 17,1 18,39

Source: Authors
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suggest that Linitul interferes with the regular arrangement
of PLA chains, which is likely due to the excipients used,
supporting our interpretation of a plasticizing effect.

Mechanical behavior

The mechanical properties of the electrospun PLA mats with
and without COE are shown in Fig. 11 and summarized in
Table II. Fig. 11A presents the mechanical behavior of PLAOO,
PLA10, and PLA20.

All samples exhibited the typical behavior of ductile PLA
mats, with deformation preceding failure. However, visible
differences in stiffness and elongation were observed as a
function of the COE content. The corresponding elasticity
modulus, tensile strength, and elongation at break values are
presented in Table II.
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Figure 11. Mechanical behavior of electrospun PLA mats under varying
COE concentrations: a) tensile strength and elongation at the break, b)
elastic modulus
Source: Authors

Table II. Mechanical properties of PLA samples (mean * stand and
deviation)

Sample Elastic modulus|Ultimate tensile Elonl;graet:l)(n at
P [MPa] strength [MPal <
[%]
PLAOO 55.72 + 3.06 2.68 = 0.43 68.2 + 6.89
PLA10 37.63 = 2.78 1.28 = 0.16 50.5 = 3.84
PLA20 50.37 = 22.76 [2.18 = 0.42 38.3 = 3.17

Source: Authors

Neat PLA (PLA00O) showed the highest mechanical
performance, with an elastic modulus of 55.72 + 3.06 MPa,
a tensile strength of 2.68 = 0.43 MPa, and an elongation
at break of 68.2 = 6.89%. This is consistent with a stable
amorphous structure without additives. Upon adding 10
wt.% COE (PLA10), all mechanical parameters decreased
significantly: the modulus dropped to 37.63 + 2.78 MPa,
the tensile strength was halved (1.28 = 0.16 MPa), and
the elongation was reduced to 50.5 * 3.84%. As for PLA20
(20 wt.% COE), the modulus partially recovered (50.37 +
22.76 MPa), and the tensile strength increased to 2.18 =+
0.42 MPa, although the elongation continued to decrease
(38.3 = 3.17%). This trend suggests that COE initially acts
as a plasticizer, reducing intermolecular interactions and
flexibility, while higher concentrations may induce phase
structuring or molecular re-entanglement, increasing
stiffness at the cost of ductility.

These results can be directly compared to those of the study
by [25], who evaluated electrospun mats using DMA. For
pure polymer mats, a storage modulus of approximately 60
MPa at room temperature was reported, which aligns closely
with our PLAOO (55.7 MPa), supporting the reproducibility
of mechanical behavior in electrospun PLA-based systems.
Upon blending with 20 wt.% PHBV, the authors observed a
reduction in stiffness and a more flexible behavior, consistent
with our PLA10. However, similar to our PLA20, their study
also found that certain blend ratios partially recovered their
mechanical strength, which can be attributed to changes in
phase morphology and entanglement [25], [42].

Regarding miscibility, the mechanical results (Fig. 11b)
are further supported by the viscosity data (Fig. 6b),
which showed increasing viscosity with a higher COE
content. This behavior contrasts with a pure plasticizing
effect (which would decrease viscosity) and suggests a
partial miscibility, with the possible formation of COE-
rich domains or networked structures. This is in line
with the interpretation proposed in literature, which
links rheological behavior to component compatibility in
polymer systems [43], [44].

Therefore, combining tensile, thermal (DSC), and rheological
observations makes it evident that the PLA/COE system
undergoes plasticization at low extract concentrations.
However, it tends to form heterogeneous or semi-structured
morphologies at higher concentrations, leading to a complex
mechanical response that reflects both chain mobility and
interfacial interactions.

Swelling capacity of the electrospun mats

The water absorption capacity of the electrospun PLA
samples, with and without extracts, was evaluated by
placing 1 x 1 cm samples of each film in a 0.1% sodium
chloride (NaCl) saline solution for 24 h. The weight of the
samples was measured at five different time points, as
shown in Fig. 12.
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Figure 12. Swelling assay of PLA electrospun mats with and without
COE using a physiological solution (0.1 wt.% NaCl)
Source: Authors

Fig. 12 shows that the incorporation of COE into PLA fibers
significantly increased the swelling degree of the mats.
After only 1 h, PLAT0 and PLA20 reached swelling degrees
of approximately 50 and 55%, respectively, remaining
stable over 24 h. In contrast, the PLAOO mats exhibited a
significantly lower and slower swelling response, stabilizing
around 30%.

The swelling results observed in this study, particularly
those for PLA10 and PLA20, which showed stabilized
swelling degrees between 45 and 55%, are consistent with
or superior to the values reported in the literature. For
instance, [45] reported swelling capacities of up to 60%
for PLA/PVA/SA-based electrospun membranes, while [46]
reported values around 30-40% for PLA/chitosan systems.
Similarly, [47] observed swelling levels between 20 and 40%
for PLA loaded with curcumin. These comparisons highlight
that the incorporation of COE not only imparts biofunctional
activity but also enhances water uptake capacity, making the
PLA/COE system particularly promising for applications in
chronic wound dressings.

Thus, the observed increase in the swelling of PLA10 and
PLA20 confirms that COE acts as a hydrophilic modifier.
Despite the intrinsic hydrophobicity of PLA, the excipients
present in the commercial extract appear to facilitate water
penetration into the fiber network. This result reinforces
the suitability of the PLA/COE system for wound healing
applications, where maintaining a moist environment is
critical for accelerated tissue repair [48], [49].

Conclusions

This study showcased the successful production of uniform,
defect-free PLA fibers using a 15 wt.% solution, which
yielded average diameters of 913.6 = 99.1 nm. In contrast,
fibers obtained from 20 wt.% PLA exhibited ribbon-like
morphologies and defects due to jet instability and the loss
of process control. The incorporation of 10-20 wt.% COE
increased the fiber diameter and decreased the thermal
stability (T reduced by ~10-15 °C), which is consistent
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with a plasticizing effect. The tensile analysis showed a drop
in the elastic modulus, from 55.7 MPa (PLA0O) to 37.6 MPa
(PLA10), while the swelling capacity improved by up to 50%,
indicating functional enhancements for wound management.

Partial miscibility between PLA and COE was suggested by
increased viscosity and non-linear mechanical responses,
highlighting complex phase interactions, likely influenced
by excipients in the extract. This study did not address
extract release or biological assays due to the intrinsic
complexity of the commercial formulation. These limitations
justify the current focus on structural and physicochemical
compatibility. Future works will explore release kinetics,
cytocompatibility, and degradation under physiological
conditions to validate the system for biomedical applications
such as chronic wound care.
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