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Abstract: Nowadays, diseases in plants are a worldwide problem. Fungi represent the largest
number of plant pathogens and are responsible for a range of serious plant diseases. Esca is a
grapevine disease caused mainly by fungal pathogens Phaeomoniella chlamydospora (P. chlamydospora)
and Phaeoacremonium aleophilum (P. aleophilum). The currently proposed methods to fight esca are not
curative. In this study, polymer composites based on biodegradable polymer containing chemical
fungicides with antifungal activity were successfully prepared by electrospinning. The obtained
materials were hydrophobic with good mechanical properties. In vitro studies demonstrated that the
fungicide release was higher from PLLA/K5N8Q fibrous mats (ca. 72% for 50 h) compared to the
released drug amount from PLLA/5-Cl8Q materials (ca. 52% for 50 h), which is due to the better
water-solubility of the salt. The antifungal activity of the fibrous materials against P. chlamydospora
and P. aleophilum was studied as well. The incorporation of the fungicide in the biodegradable fibers
resulted in the inhibition of fungal growth. The obtained materials are perspective candidates for the
protection of vines from the penetration and growth of fungal pathogens.

Keywords: biodegradable polymer; electrospinning; fungicide; Phaeomoniella chlamydospora; Phaeoacre-
monium aleophilum; esca

1. Introduction

Grapevine trunk diseases reduce the lifespan of vineyards and increase the costs
of producing wine grapes [1]. They are caused mainly by fungal pathogens, with the
major pathogens including Phaeomoniella chlamydosporum, Phaeoacremonium aleophilum,
Botryosphaeria spp., Cylindrocarpon spp., Eutypa lata, and Phomopsis viticolaand [2].

Esca is a destructive grapevine trunk disease first described over 100 years ago, which
occurs worldwide and induces heavy economic losses [3]. The disease could be developed
by intensive pruning, frost, and other mechanical injuries. The first symptoms of esca
appear as dark red or yellow stripes on leaves, which eventually dry and become necrotic.
The disease can then progress, potentially causing the entire plant to die [4]. Esca was first
successfully controlled in 1903, when sodium arsenite was used as an insecticide on grapes.
However, sodium arsenite was noted as being highly toxic and carcinogenic, and since
2003 has been banned in Europe. Nowadays, in practice, there is no curative approach for
fighting esca. This fact challenges researchers to find a solution to effectively fight with this
complex disease.

Electrospinning is a facile and efficient technique for fabricating functional nanofibrous
materials possessing a large specific surface area and a fine porous structure [5,6]. These
fibers have received much attention for use in many applications: Biomedical applications
such as drug delivery [7], tissue engineering [8], and wound dressing, as well as cosmetics
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and functional materials and devices such as composite reinforcement, filters, protec-
tive clothing, and smart textiles, and even energy and electronics such as batteries/cells,
capacitors, sensors, and catalysts.

Recently, novel varieties of the electrospinning technique were developed in order
to generate more complex nanostructures with desired features such as coaxial electro-
spinning [9], side-by-side [10] and tri-axial [11] electrospinning, and other multiple fluid
processes. Such methods of fabrication can lead to composite structures such as core–
shell, Janus, tri-layer core–shell, and other complex structures. Another recently used
strategy is to combine electrospinning with other traditional methods to fabricate novel
nanofibers [12]. Regardless of the direction, the final objective is a suitable application of
the resultant nanofibers [13]. The present study highlights a new potential application of
electrospun nanofibers for grapevine protection.

Phytopathogenic fungal infections have become a serious problem in agricultural
production, reducing food yield and quality. Therefore novel antifungal agents with
high efficiency and low toxicity are needed. Modern plant protection products should be
designed to achieve the desired biological effect without harmful impact or side effects.
The use of nanomaterials in agriculture and, in particular, for the protection of vineyards
is an emerging field of interest. Sett et al. created rayon membranes on which nanofibers
of soy protein/polyvinyl alcohol and soy protein/polycaprolactone are electrospun. This
material aims to physically block the penetration of fungal spores [14]. However, the
authors commented that the blocking was insufficient and an antifungal component should
be incorporated. Furthermore, electrospun materials from two copolymers loaded with
polyhexamethylene guanidine have been fabricated to serve as bandages for vineyards
against the penetration of esca-causing fungi [15]. The authors reported, however, that
more effective polymers and antifungal agents should be used.

Some authors have also proposed an original approach and have successfully obtained
fibrous materials from poly(3-hydroxybutyrate), nanosized TiO2-anatase, and chitosan
oligomers (COS) with antifungal activity for plant protection via a combination of elec-
trospinning and electrospraying [16]. The obtained eco-friendly materials possess high
roughness, hydrophobicity, and antifungal activity against P. chlamydospora.

It is known that compounds containing 8-hydroxyquinoline exhibit anticancer [17,18],
antimicrobial [19,20], antiviral [21], and antifungal activities [22,23]. Due to their antifungal
properties, these biologically active compounds have found application in agriculture.
We created stable solutions on the basis of a water-soluble polymer and a fungicide with
antifungal activity suitable for applications in agriculture [24].

The incorporation of low molecular weight derivatives of 8-hydroxyquinoline into
fibrous polymer materials obtained by electrospinning is of interest because it allows
combining the valuable biological properties of 8-hydroxyquinoline derivatives with the
advantages of electrospun materials. In our previous study, we obtained fibrous mem-
branes on the basis on cellulose acetate loaded with an antifungal agent for active protection
against spore penetration and plant infection in vineyards [25]. However, the incorporation
of low molecular weight derivatives significantly lower the physicochemical properties
and therefore they need to be improved.

In the last few decades, considerable research interest has been dedicated to the
use of biodegradable polymer materials for various applications, such as in medicine,
as well as in industry to replace conventional petrochemical-based polymers. Due to
its merits, thermoplastic aliphatic polyesters are the most commonly explored synthetic
biodegradable polymers. PLA has an extensive mechanical property profile and is a highly
biocompatible and biodegradable polymer [26].

Therefore, the present study aimed to prepare electrospun composite materials from
PLA and 8-hydroxyquinoline derivatives with antifungal activities. The effect of the
incorporated biologically active compound on the morphology, wetting, crystallinity,
thermal, and physicochemical properties was studied. Microbiological tests against P.
chlamydospora and P. aleophilum were performed.



Polymers 2021, 13, 3673 3 of 14

2. Materials and Methods
2.1. Materials

Poly(L-lactide) (PLA; Ingeo™ Biopolymer 4032D, NatureWorks LLC—USA, Min-
netonka, MN, USA; MW = 259,000 g/mol; MW/Mn = 1.94; as determined by size-exclusion
chromatography using polystyrene standards), 5-nitro-8-hydroxyquinoline (Pharmachim,
Sofia, Bulgaria), and 5-chloro-8-hydroxyquinoline (Sigma-Aldrich, St. Louis, MO, USA)
were used. Dichloromethane (DCM; Merck, Darmstadt, Germany) and ethanol (abs. EtOH;
Merck, Darmstadt, Germany) were of an analytical grade of purity.

Potato dextrose agar medium was obtained from Merck, Darmstadt, Germany. The
disposable consumables were purchased from Orange Scientific, Braine-l’Alleud, Belgium.

2.2. Procedures

The potassium 5-nitro-8-hydroxyquinoline was prepared as described by Ermakov
and coworkers [27].

2.3. Preparation of Electrospun Fibrous Materials

Spinning solutions in DCM/EtOH (DCM/EtOH = 90/10) were prepared for PLA,
PLA/5-Cl8Q, and PLA/K5N8Q. The total polyester concentration was 10 wt% 5-Cl8Q and
10 wt% K5N8Q.

A Brookfield LVT viscometer equipped with an adaptor for small samples, a spindle,
and a camera SC 4-18/13 R at 20 ± 0.1 ◦C was used to measure the solution viscosities. The
spinning solutions were measured in triplicate and the mean values with their standard
deviations were used.

Electrospinning was performed using a high-voltage power supply (up to 30 kV), a
grounded metal drum collector, an infusion pump (NE-300 Just InfusionTM Syringe Pump,
New Era Pump Systems Inc., Farmingdale, NY, USA) for delivering the spinning solution
at a constant rate, and a syringe equipped with a metal needle (gauge: 20GX1 1

2 ”). The
applied voltage was 25 kV, the distance to the collector was 15 cm, the collector rotating
speed was 1000 rpm, the humidity was 50%, and the temperature was 20 ◦C.

2.4. Characterization of the Electrospun Materials

The morphology of the fibers was examined by a scanning electron microscope (SEM).
The samples were vacuum-coated with gold and observed by a Jeol JSM-5510 SEM (Jeol
Ltd., Tokyo, Japan) at acceleration voltage of 10 kV with 1000×, 2500×, and 5000× magni-
fication. The fiber morphology was evaluated using the criteria for complex evaluation of
electrospun materials as described elsewhere [28] via ImageJ software by measuring the
diameters of at least 20 fibers from each SEM micrograph [29].

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were recorded
using an IRAffinity-1 spectrophotometer (Shimadzu Co., Kyoto, Japan) equipped with
a MIRacle™ATR (diamond crystal with a depth of penetration of the IR beam into the
sample of approximately 2 µm) accessory (PIKE Technologies, Fitchburg, WI, USA) in the
range of 600–4000 cm−1 and a resolution of 4 cm−1. All spectra were corrected for H2O
and CO2 using an IRsolution software program.

The absence/presence of a crystalline phase in the electrospun materials was assessed
by X-ray diffraction analysis (XRD). XRD spectra were recorded at r.t. using a computer-
controlled D8 Bruker Advance powder diffractometer (Bruker, Billerica, MA, USA) with a
filtered CuKα radiation source and a luminescent detector. The analyses were performed
in the 2θ range from 5◦ to 50◦ with a step of 0.02◦ and a counting time of 1 s/step.

Static contact angle measurements of the membranes were performed using an
Easy Drop DSA20E Krűss GmbH drop shape analysis system (Hamburg, Germany) at
20 ± 0.2 ◦C. A sessile drop of deionized water with a volume of 10 µL controlled by a
computer dosing system was deposited onto the electrospun fibrous materials. The contact
angles were calculated by computer analysis of the acquired images of the droplet. The
data are an average from 10 measurements for each sample.
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Mechanical properties were evaluated by tensile measurements performed on the
fibrous materials using a single-column system for mechanical testing INSTRON 3344,
equipped with a loading cell 50 N and Bluehill universal software (Instron Bluehill Univer-
sal V4.05 (2017) software, Norwood, MA, USA). The stretching rate was 10 mm/min, the
initial length between the clamps was 40 mm, and the room temperature was 21 ◦C. All
samples were cut into dimensions of 20 × 60 mm2 with a thickness of ca. 200 µm. For the
sake of statistical significance, 10 specimens of each sample were tested, after which the
average values of Young’s modulus, the ultimate stress, and the maximum deformation at
break were determined.

5-Cl8Q and K5N8Q release was studied in vitro at 37 ◦C in acetate buffer (CH3COONa/
CH3COOH) containing lactic acid (acetate buffer/lactic acid = 96/4 v/v) at pH 3 and an
ionic strength of 0.1. Fibrous materials loaded with 5-Cl8Q or K5N8Q (4 mg) were im-
mersed in 100 mL of buffer solution under stirring in a water bath (Julabo, Seelbach,
Germany). The release kinetics were determined by withdrawing aliquots (2 mL) from
the solution at determined time intervals, then adding back the same amount of fresh
buffer and recording the absorbance of the aliquots by a DU 800 UV–vis spectrophotometer
(Beckman Coulter, Brea, USA) at wavelengths of 255 nm and 364 nm. The amount of
released 5-Cl8Q or K5N8Q was calculated using calibration curves (correlation coefficient
R = 0.999) for the membranes in acetate buffer/lactic acid = 96/4 v/v with a pH of 3 and an
ionic strength of 0.1. The data are the average values from three measurements.

2.5. In Vitro Antifungal Assay

The antifungal activity of the fibrous materials was monitored against the fungi P.
chlamydospora CBS 239.74 and P. aleophilum CBS 631.94. P. chlamydospora CBS 239.74 and
P. aleophilum CBS 631.94 were purchased from Westerdijk Fungal Biodiversity Institute,
Utrecht, the Netherlands.

P. chlamydospora and P. aleophilum grow normally on potato dextrose agar [30] and
malt extract agar [31].

In the present study, in vitro studies were performed using potato dextrose agar
medium (PDA; Merck, Germany). The surface of the solid agar was inoculated with a
suspension of fungi culture with a fungi concentration of 1 × 105 cells/mL, and on the
surface of the agar in each Petri dish, one electrospun material (17 mm in diameter) was
placed. The Petri dishes were incubated for 96 h for P. chlamydospora and P. aleophilum at
28 ◦C, and subsequently, the zones of inhibition around the disks were measured. The
average diameters of the zones of inhibition were determined using ImageJ software based
on 15 measurements in 15 different directions for each zone.

For the preparation of the conidia suspension test, microorganisms were grown on
potato dextrose agar (PDA) medium for 14 days. Conidia were obtained by pouring 5 mL of
sterile water onto the plate and washing it off with a sterile loop. Conidia suspensions were
filtered through two layers of sterile round cloth to remove mycelial fragments. The final
concentration of conidia was adjusted to 107 conidia/mL with sterile water. The fibrous
materials were cut into disks with a diameter of 45 mm and a thickness of ~1 µm. Digital
Thickness Gauge FD 50 (Käfer GmbH, Villingen-Schwenningen, Germany) was used to
determine the thickness of the fibrous materials. All fibrous materials were sterilized for
30 min under UV light in a laminar box before being used for further experiments. Then,
the fibrous material in disk form was placed between the two parts of the filtration device
supplied with a pump. The two parts of the device were pinched with a clip. After this,
20 mL of the spore conidia suspension was passed through each type of fibrous material.
Then, every used disk was taken with pincers and placed on a surface of solid PDA medium
in a Petri dish. The Petri dishes were maintained at 28 ◦C for 96 h. Then, the fungal growth
was assessed. The concentration of conidia passed through the materials was determined
using a hemocytometer.
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2.6. Statistical Analysis

The data are displayed as means ± standard deviations (SDs). To determine the
statistical significance of the data, one-way analysis of variance (ANOVA) followed by
Bonferroni’s post-hoc test were performed. Values of * p < 0.05, ** p < 0.01, and *** p < 0.001
were considered significant.

3. Results and Discussion
3.1. Morphological Analysis

In our previous studies, we showed the successful fabrication of fibrous materials
obtained from polyesters by electrospinning [20,32,33]. In concrete, we found that for PLA
with MW = 259,000 g/mol and MW/Mn = 1.94, the optimal total polymer concentration for
conducting electrospinning resulting in preparation of defect-free cylindrical fibers was
10 wt% in a DCM/EtOH solvent system [20]. However, it is necessary to study the effect
of incorporation of a biologically active substance(s) on the morphologies of fibers, their
physical–chemical properties, and their ability to inhibit the growth and penetration of
pathogenic fungi.

SEM pictures of the obtained PLLA, PLLA/5-Cl8Q, and PLLA/K5N8Q fibers are
presented in Figure 1. The electrospinning of PLLA resulted, reproducibly, in the fabrication
of fibers with average fiber diameters of 1045 ± 320 nm (Figure 1a). The obtained diameters
of the PLA fibers are in fairly good agreement with the literature data [34]. As can be easily
seen using the selected conditions (concentration, solvent system, applied voltage, feeding
rate, collector rotating speed, etc.), fibers with a cylindrical shape without defects and pores
were obtained.

The addition of chemical fungicides (5-Cl8Q or K5N8Q) at a concentration of 10 wt%
resulted in the preparation of stable solutions that did not alter the process of electrospin-
ning and resulted in the fabrication of composite fibers with a cylindrical shape with a mean
diameter close to that of the neat PLLA (Figure 1b,c). The average diameter of the fibers
of the fibrous materials based on PLLA/5-Cl8Q and PLLA/K5N8Q was 1125 ± 300 nm
and 1065 ± 250 nm, respectively. This is an indication that the addition of low molecular
fungicides (derivatives of 8-hydroxyquinoline) did not lead to a significant change in the
fiber morphology or diameters and distribution. These findings were confirmed by the
measured values of the dynamic viscosities of the prepared solutions as well. The dynamic
viscosity for PLLA, PLLA/5-Cl8Q, and PLLA/K5N8Q were relatively close and were
1350 cP, 1500 cP, and 1420 cP, respectively.

Figure 1. Cont.



Polymers 2021, 13, 3673 6 of 14

Figure 1. Representative SEM images of the fibers of electrospun fibrous materials of PLLA (a),
PLLA/5-Cl8Q (b), and PLLA/K5N8Q (c); magnification ×2500.

3.2. Contact Angle Measurements

It is well known that bacterial and fungal adhesion is influenced by the surface
characteristics and the hydrophilic/hydrophobic balance of the host surface. For this reason,
it is important to determine the values of the contact angle of the prepared electrospun
materials that will contact the fungal species. The values of the water contact angles for
all obtained samples were determined using distilled water droplets, and representative
images of the droplets are shown in Figure 2. The PLLA fibrous material was hydrophobic,
with a water contact angle of 117◦ ± 2.5◦ (Figure 2a). The measured value for the pure
PLLA was close to the values found in the literature [35]. The measured contact angle
values of the PLLA/5-Cl8Q and PLLA/K5N8Q composite fibrous materials were 120◦ ± 3◦

and 118.0◦ ± 2◦, respectively (Figure 2b,c). The measured water contact angle values were
close to those measured for the PLLA electrospun material. All of the obtained and studied
electrospun fibers had water contact angle values ca. 120◦ and were hydrophobic.

Figure 2. Images of water droplets deposited on the surface of fibrous materials: (a) PLLA, (b) PLLA/5-Cl8Q, and
(c) PLLA/K5N8Q.

3.3. FTIR Spectroscopic Analysis

FTIR spectroscopy was performed to characterize the prepared PLLA, PLLA/5-Cl8Q,
and PLLA/K5N8Q fibrous materials, and the recorded spectra are shown in Figure 3.
Characteristic bands for PLLA appeared at 1751 cm−1 for the C=O groups and at 1182 cm−1

for the C–O–C groups.
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Figure 3. FTIR spectra of electrospun fibrous materials of PLLA, PLLA/5-Cl8Q, and PLLA/K5N8Q.

The characteristic stretching frequencies for C–O at 1080 cm−1 and the bending fre-
quencies for –CH3 asymmetric and –CH3 symmetric at 1452 cm−1 and 1361 cm−1, respec-
tively, were identified, also in accordance with the literature [36].

A new band appeared at 1500 cm−1, characteristic for the aromatic ring of the chemical
fungicide in the PLLA/5-Cl8Q and PLLA/K5N8Q fibrous materials (Figure 3), in addition
to the characteristic bands of PLLA [37], proving its presence in the electrospun composite
materials.

Clearly, no molecular interaction between PLLA and the used fungicides was detected
on the FT-IR spectra of the PLLA/5-Cl8Q and PLLA/K5N8Q composite fibrous materials.
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3.4. XRD Analysis

Delivery systems based on nano- and microcarriers have been proven to be promising
candidates for the delivery of poorly water-soluble or non-water-soluble compounds
(drugs), wherein amorphization during thier encapsulation by the electrospinning process
improves the dissolution of these compounds [12]. Therefore, it was of interest to study the
changes in the crystallinity of chemical fungicides after their incorporation in composite
electrospun fibrous materials. The crystallinity of the obtained fibers was determined
by X-ray diffraction (XRD) analysis (Figure 4). The XRD pattern of PLLA and PLLA/5-
Cl8Q materials and 5-Cl8Q powder, as well as of PLLA/K5N8Q fibrous material and
K5N8Q powder, are presented in Figure 4a,b respectively. XRD patterns of 5-Cl8Q and
K5N8Q (powder) with characteristic sharp diffraction peaks of the compounds were
observed. These peaks showed that the fungicides (powders) were highly crystalline. The
XRD spectra of the PLLA fibers showed a strong amorphous halo, proving that these
materials have a typical amorphous structure. Moreover, in the spectra of the PLLA/5-
Cl8Q and PLLA/K5N8Q composite materials, an amorphous halo was detected as well.
This result indicates that each component in the composite fibrous materials prepared by
electrospinning was in an amorphous state. This observation could be explained by the
rapid drying of the jet during electrospinning, which impeded molecular motion. The
obtained results are in accordance with the literature concerning the amorphization of
poorly water-soluble drugs by electrospinning [38].

Figure 4. Cont.
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Figure 4. X-ray diffraction pattern of (a) 5-Cl8Q powder and PLLA and PLLA/5-Cl8Q materials, and
(b) K5N8Q powder and PLLA and PLLA/K5N8Q materials.

3.5. Mechanical Properties

Stress–strain curves of the PLLA, PLLA/5-Cl8Q, and PLLA/K5N8Q electrospun ma-
terials are presented in Figure 5. The PLLA material showed the highest tensile strength
values. The obtained values are in good agreement with the literature data [20]. The
determination of the mechanical characteristics of the PLLA/5-Cl8Q and PLLA/K5N8Q
composite fibers showed that these materials possess similar mechanical properties, al-
beit a bit lower than those of the PLLA fibrous materials. This result indicates that the
incorporation of 5-Cl8Q in fibrous membranes does not considerably change the mechan-
ical characteristics of these membranes. The tensile strength of the PLLA/5-Cl8Q and
PLLA/K5N8Q composite fibrous materials was ca. 2.5 MPa, while the tensile strength of
the PLLA fibrous materials reached 3.4 MPa. The slight decrease in mechanical characteris-
tics might be due to the incorporation of low molecular weight chemical fungicides in the
PLA matrix, which might have generated weak spots when the tensile test was carried out.

Figure 5. Stress–strain curves of electrospun materials: (1) PLLA, (2) PLLA/5-Cl8Q, and
(3) PLLA/K5N8Q.
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3.6. Cumulative Drug Release Analysis

The electrospinning method is often used for encapsulation of drugs for delivery.
There are many data in the literature concerning the release rates of incorporated drugs in
different polymer matrixes showing diverse behavior: Some show an initial burst release
of the drug, while others show a more controlled release of the drug over a longer duration.
This is due to the fact that many parameters could influence drug release, e.g., the molecular
characteristics of the polymer, the polymer crystallinity and hydrophobicity, the nature of
the drug and its crystallinity, the compatibility of the drug with the polymers matrix, the
fiber morphology and diameters, the presence of defects along the fibers. Therefore, the
same drug loaded in different polymer matrixes or different drugs incorporated in same
polymer matrix may exhibit different release profiles.

The release of 5-Cl8Q and K5N8Q from PLLA fibrous matrixes was studied, and
their release profiles are shown in Figure 6. Initially, both drugs showed a relatively burst
release from the PLLA fibrous matrix. However, K5N8Q was released in a higher amount
compared to 5-Cl8Q for the same duration. For instance, the released K5N8Q was 10.5%
and 21.4% for 30 and 60 min. For the same time durations, the released 5-Cl8Q was 6.7%
and 9.3%, respectively. This difference in the release profiles could be due to the different
natures of the drugs and their water solubility. K5N8Q is a partially water-soluble drug
favoring a more rapid release. On the contrary, 5-Cl8Q is water-insoluble, which hampers
its release. After 50 h, the amounts of the released 5-Cl8Q and K5N8Q were 52.8% and
72.5%, respectively.

Figure 6. Release profiles of 5-Cl8Q and K5N8Q from PLLA fibers: PLLA/5-Cl8Q (♦) and
PLLA/K5N8Q (�). The results are presented as the average values from three separate measure-
ments with the respective standard deviation; acetate buffer/lactic acid (96/4 v/v), pH 3, 37 ◦C, ionic
strength 0.1.

3.7. Antifungal Activity of the Fibrous Membranes

The two main fungi causing esca disease are P. chlamydospora and P. aleophilum. The
wounds on vines caused during pruning are the main point of entry for the penetration
of fungal spores in grapevines. Because there is no direct way to fight esca, there is a
rising demand for the development of novel plant protective agents and materials that are
non-toxic but are efficient against esca.

Although there are some data with respect to the antifungal activity of 8-hydroxyquil-
onine derivatives against Candida species, there are no data concerning their effects on P.
chlamydospora and P. aleophilum, which are the main causative agent of esca disease. In our
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previous study, we determined the minimum inhibitory concentration (MIC) of 5-Cl8Q
against P. chlamydospora and P. aleophilum, and it was found to be 0.75 µg/mL for both
strains [24]. The MIC determined by us for K5N8Q was 12.5 µg/mL and 25 µg/mL for P.
chlamydospora and P. aleophilum, respectively.

The antifungal activity of the electrospun fibrous materials (diameter 17 mm) was
determined by carrying out antifungal tests against P. chlamydospora and P. aleophilum.

Figure 7 presents the observed zones of inhibition after contact of the fibrous materials
with the fungal cells. The loading of 5-Cl8Q in the composite fibrous materials that were
laid in contact with P. chlamydospora resulted in complete inhibition of fungal growth.
Moreover, there was a wide inhibition zone around the PLLA/5-Cl8Q disc put in contact
with P. aleophilum (4.7 cm). Additionally, the incorporation of K5N8Q resulted in wide
zones of inhibition as well. The diameters of the inhibition zones around the PLLA/K5N8Q
discs were 6.2 cm and 4.0 cm against P. chlamydospora and P. aleophilum, respectively. From
the obtained results, it is easily seen that P. chlamydospora is more vulnerable to treatment
with the used 8-hydroxyquinoline derivatives.

Figure 7. Digital pictures of the zones of inhibition against P. chlamydospora and P. aleophilum after contact of the fibrous
materials with fungi cells. The material type is indicated at the top of each column. The cell type is marked in the left of
each row.

The results obtained in the present study demonstrate that composite fibrous materials
containing hydroxyquinoline derivatives have strong antifungal activity. In contrast, neat
PLLA fibrous materials do not change the fungal growth or exhibit any antifungal activity.

In the present study, the barrier efficacy of PLLA, PLLA/5-Cl8Q, and PLLA/K5N8Q
electrospun fibrous materials were studied as well. For this purpose, 20 mL of conidia
suspension was passed through each fibrous material (diameter 45 mm) using a filtration
device. Initially, we determined the size of the P. chlamydospora and P. aleophilum conidia in
the fungal suspension using SEM analysis. Figure 8 presents the used conidia.
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Figure 8. SEM micrographs of the (a) P. chlamydospora and (b) P. aleophilum conidia.

The diameter and length of the P. chlamydospora conidia were ~0.75–1.2 µm and
1.8–2.3 µm, respectively. The measured diameter and length of the P. aleophilum conidia
were ~1.1–1.5 µm and 2.5–3.5 µm, respectively. The initial concentration in the filtration
experiments was 1 × 107 conidia/mL for both strains. After passing through the electro-
spun discs, the determined spore concentration was 1.6 × 103, 1.3 × 103, and 1.4 × 103 for
the PLLA, PLLA/5-Cl8Q, and PLLA/K5N8Q materials, respectively. This result reveals
that the final conidia concentration decreased significantly. However, some conidia passed
through all of the fibrous materials in this study.

It was of interest to determine not only the ability of the materials to impede the
penetration of fungal spores, but also to study if the fibrous materials impede the growth
of pathogenic fungi remaining in the material after filtration. Therefore, after filtration, we
placed the used disks on a surface of solid agar in a Petri dish in order to determine the
growth of the remaining fungi in the fibrous discs. The Petri dishes were incubated for 96 h
at 28 ◦C, and then the fungal growth was determined. Figure 9 presents the growth of P.
chlamydospora on the fibrous materials’ surface. It was found that the PLLA fibrous material
used in the filtration experiments developed colonies of P. chlamydospora (Figure 9a). The
developed colonies showed that this material did not possess antifungal activity. PLLA/5-
Cl8Q and PLLA/K5N8Q, which were placed in suitable conditions for the development of
remaining spores in the materials, impeded the fungal growth, resulting in compete fungal
inhibition (Figure 9b,c).This result indicates that the fungi remaining in the PLLA/5-Cl8Q
and PLLA/K5N8Q materials after filtration could not grow due to the antifungal activity
of the obtained composite materials.

Figure 9. Digital images of the growth P. chlamydospora on the fibrous materials after spore filtration: (a) PLLA, (b) PLLA/5-
Cl8Q, and (c) PLLA/K5N8Q.
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4. Conclusions

Novel micro- and nanofibrous materials of PLLA, PLLA/5-Cl8Q, and PLLA/K5N8Q
were successfully electrospun. The obtained composite materials were hydrophobic with
good mechanical properties. The incorporation of 5-Cl8Q or K5N8Q into the PLLA fibers
imparted to them a considerable antifungal activity against P. chlamydospora and P. ale-
ophilum. These features demonstrate that the obtained composite fibrous materials could
be a potential candidate for application in agriculture for grapevine protection against
esca-associated fungi.

Author Contributions: M.S., I.R., and N.M. conceived the original concept. N.N. and M.S. conducted
the experiments and characterized the electrospun fibrous materials. P.T. performed the drug release
analysis. M.N. performed the microbiological assessments of the obtained materials. M.S., N.M., and
I.R. wrote the manuscript. M.S., N.M., I.R., and M.N. revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Bulgarian National Science Fund, grant number KP-06-
OPR03/2.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The financial support from the Bulgarian National Science Fund (grant KP-06-
OPR03/2) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hofstetter, V.; Buyck, B.; Croll, D.; Viret, O.; Couloux, A.; Gindro, K. What if esca disease of grapevine were not a fungal disease?

Fungal Divers. 2012, 54, 51–67. [CrossRef]
2. Díaz, G.; Auger, J.; Besoain, X.; Bordeu Schwarze, E.; Latorre, B. Prevalence and pathogenicity of fungi associated with grapevine

trunk diseases in Chilean vineyards. Cien. Inv. Agric. 2013, 40, 327–339. [CrossRef]
3. Fuente, M.; Fontaine, F.; Gramaje, D.; Armengol, J.; Smart, R.; Nagy, Z.; Borgo, M.; Rego, C.; Corio-Costet, M. Grapevine Trunk

Diseases. A Review, 1st ed.; OIV Publications: Paris, France, 2016.
4. Gramaje, D.; Úrbez-Torres, J.; Sosnowski, M. Managing Grapevine Trunk Diseases With Respect to Etiology and Epidemiology:

Current Strategies and Future Prospects. Plant Dis. 2018, 102, 12–39. [CrossRef] [PubMed]
5. Wang, S.; Yap, C.; He, J.; Chen, C.; Wong, S.; Li, X. Electrospinning: A facile technique for fabricating functional nanofibers for

environmental applications. Nanotechnol. Rev. 2016, 5, 51–73. [CrossRef]
6. Paneva, D.; Spasova, M.; Stoyanova, N.; Manolova, N.; Rashkov, I. Electrospun fibers from polylactide-based stereocomplex:

Why? Int. J. Polym. Mater. 2021, 70, 270–286. [CrossRef]
7. Stoyanova, N.; Spasova, M.; Manolova, N.; Rashkov, I.; Georgieva, A.; Toshkova, R. Antioxidant and antitumor activities of novel

quercetin-loaded electrospun cellulose acetate/polyethylene glycol fibrous materials. Antioxidants 2020, 9, 232. [CrossRef]
8. Rahmati, M.; Mills, D.; Urbanska, A.; Saeb, M.; Venugopal, J.; Ramakrishna, S.; Mozafari, M. Electrospinning for tissue engineering

applications. Prog. Mater. Sci. 2021, 117, 100721. [CrossRef]
9. Han, D.; Steckl, A. Coaxial electrospinning formation of complex polymer fibers and their applications. ChemPlusChem 2019, 84,

1453–1497. [CrossRef]
10. Wang, M.; Li, D.; Li, J.; Li, S.; Chen, Z.; Yu, D.; Liu, Z.; Guo, J. Electrospun Janus zein–PVP nanofibers provide a two-stage

controlled release of poorly water-soluble drugs. Mater. Des. 2020, 196, 109075. [CrossRef]
11. Ghosal, K.; Augustine, R.; Zaszczynska, A.; Barman, M.; Jain, A.; Hasan, A.; Kalarikkal, N.; Sajkiewicz, P.; Thomas, S. Novel drug

delivery systems based on triaxial electrospinning based nanofibers. React. Funct. Polym. 2021, 163, 10489. [CrossRef]
12. Kamath, S.; Sridhar, K.; Jaison, D.; Gopinath, V.; Ibrahim, B.; Gupta, N.; Sundaram, A.; Sivaperumal, P.; Padmapriya, S.; Patil, S.

Fabrication of tri-layered electrospun polycaprolactone mats with improved sustained drug release profile. Sci. Rep. 2020, 10,
18179. [CrossRef] [PubMed]

13. Kowalczyk, T. Functional micro- and nanofibers obtained by nonwoven post-modification. Polymers 2020, 12, 1087. [CrossRef]
[PubMed]

14. Sett, S.; Lee, M.; Weith, M.; Pourdeyhim, B.; Yarin, A. Biodegradable and biocompatible soy protein/polymer/adhesive sticky
nano-textured interfacial membranes for prevention of esca fungi invasion, into pruning cuts and wounds of vines. J. Mater.
Chem. B. 2015, 3, 2147–2162. [CrossRef]

http://doi.org/10.1007/s13225-012-0171-z
http://doi.org/10.4067/S0718-16202013000200008
http://doi.org/10.1094/PDIS-04-17-0512-FE
http://www.ncbi.nlm.nih.gov/pubmed/30673457
http://doi.org/10.1515/ntrev-2015-0065
http://doi.org/10.1080/00914037.2019.1706516
http://doi.org/10.3390/antiox9030232
http://doi.org/10.1016/j.pmatsci.2020.100721
http://doi.org/10.1002/cplu.201900281
http://doi.org/10.1016/j.matdes.2020.109075
http://doi.org/10.1016/j.reactfunctpolym.2021.104895
http://doi.org/10.1038/s41598-020-74885-1
http://www.ncbi.nlm.nih.gov/pubmed/33097770
http://doi.org/10.3390/polym12051087
http://www.ncbi.nlm.nih.gov/pubmed/32397603
http://doi.org/10.1039/C4TB01887G


Polymers 2021, 13, 3673 14 of 14

15. Buchholz, V.; Molnar, M.; Wang, H.; Reich, S.; Agarwal, S.; Fischer, M.; Greiner, A. Protection of vine plants against Esca disease
by breathable electrospun antifungal nonwovens. Macromol. Biosci. 2016, 16, 1391–1397. [CrossRef]

16. Spasova, M.; Stoilova, O.; Manolova, N.; Rashkov, I.; Naydenov, M. Electrospun Eco-Friendly Materials Based on Poly(3-
hydroxybutyrate) (PHB) and TiO2 with Antifungal Activity Prospective for Esca Treatment. Polymers 2020, 12, 1384. [CrossRef]
[PubMed]

17. Chan-On, W.; Huyen, N.; Songtawee, N.; Suwanjang, W.; Prachayasittikul, S.; Prachayasittikul, V. Quinoline-based clioquinol and
nitroxoline exhibit anticancer activity inducing FoxM1 inhibition in cholangiocarcinoma cells. Drug Des. Devel. Ther. 2015, 9, 2033.
[PubMed]

18. Ignatova, M.; Stoyanova, N.; Manolova, N.; Rashkov, I.; Kukeva, R.; Stoyanova, R.; Toshkova, R.; Georgieva, A. Electrospun
materials from polylactide and Schiff base derivative of Jeffamine ED® and 8-hydroxyquinoline-2-carboxaldehyde and its complex
with Cu2+: Preparation, antioxidant and antitumor activities. Mater. Sci. Eng. C. 2020, 116, 111185. [CrossRef]

19. Spasova, M.; Manolova, N.; Paneva, D.; Rashkov, I. Preparation of chitosan-containing nanofibres by electrospinning of
chitosan/poly(ethylene oxide) blend solutions. e-Polymers 2004, 4, 56. [CrossRef]

20. Stoyanova, N.; Paneva, D.; Mincheva, R.; Toncheva, A.; Manolova, N.; Dubois, P.; Rashkov, I. Poly(L-lactide) and poly(butylene
succinate) immiscible blends: From electrospinning to biologically active materials. Mater. Sci. Eng. C 2014, 41, 119–126.
[CrossRef] [PubMed]

21. Guardia, C.; Stephens, D.; Dang, H.; Quijada, M.; Larionov, O.; Lleonart, R. Antiviral activity of novel quinoline derivatives
against dengue virus serotype 2. Molecules 2018, 23, 672. [CrossRef] [PubMed]

22. Saadeh, H.; Sweidan, K.; Mubarak, M. Recent advances in the synthesis and biological activity of 8-hydroxyquinolines. Molecules
2020, 25, 4321. [CrossRef] [PubMed]

23. Pippi, B.; Lopes, W.; Reginatto, P.; Silva, F.; Joaquim, A.; Alves, R.; Silveira, G.; Vainstein, M.; Andrade, S.; Fuentefri, A. New
insights into the mechanism of antifungal actionof 8-hydroxyquinolines. Saudi Pharm. J. 2019, 27, 41–48. [CrossRef] [PubMed]

24. Spasova, M.; Manolova, N.; Rashkov, I. Composition of Plant Protection Product. Office of Republic of. Bulgaria Patent No. 4353,
8 July 2019.

25. Spasova, M.; Manolova, N.; Rashkov, I.; Naydenov, M. Electrospun 5-chloro-8-hydroxyquinoline-loaded cellulose ac-
etate/polyethylene glycol antifungal membranes against esca. Polymers 2019, 11, 1617. [CrossRef]

26. Singhvi, M.; Zinjarde, S.; Gokhale, D. Polylactic acid: Synthesis and biomedical applications. J. Appl. Microbiol. 2019, 127,
1612–1626. [CrossRef]

27. Ermakov, A.; Voronin, V.; Nelyubin, V.; Oblapenko, E.; Sorokin, A.; Epshtein, N.; Muravskaya, I. Study of certain structural
features and properties of 8-hydroxyquinoline derivatives. Pharm. Chem. J. 1985, 19, 129–134. [CrossRef]

28. Spasova, M.; Mincheva, R.; Paneva, D.; Manolova, N.; Rashkov, I. Perspectives on: Criteria for complex evaluation of the
morphology and alignment of electrospun polymer nanofibers. J. Bioact. Compat. Polym. 2006, 21, 465–479. [CrossRef]

29. Rasband, W.S.; ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA. Available online: https://imagej.nih.gov/ij/
(accessed on 3 January 2016).

30. Haleem, R.; Abdullah, S.; Jubraeel, J. Morphological and molecular identification of Phaeoacremonium aleophilum associated with
grapevines decline phenomenon in Duhok governorate. J. Basrah Res. Sci. 2011, 37, 1–8.

31. Armengol, J.; Vicent, A.; Torné, L.; García-Figueres, F.; García-Jiménez, J. Fungi Associated with Esca and Grapevine Declines in
Spain: A Three-Year Survey. J. Phytopathol. Mediterr. 2001, 40, 325–329.

32. Spasova, M.; Stoilova, O.; Manolova, N.; Rashkov, I.; Altankov, G. Preparation of PLLA/PEG nanofibers by electrospinning and
potential applications. J. Bioact. Compat. Polym. 2007, 22, 62–76. [CrossRef]

33. Spasova, M.; Paneva, D.; Manolova, N.; Radenkov, P.; Rashkov, I. Electrospun chitosan-coated fibers of poly(L-lactide) and
poly(L-lactide)/poly(ethylene glycol): Preparation and characterization. Macromol. Biosci. 2008, 8, 153–162. [CrossRef]

34. Fan, T.; Daniels, R. Preparation and characterization of electrospun polylactic acid (PLA) fiber loaded with birch bark triterpene
extract for wound dressing. AAPS PharmSciTech 2021, 22, 205. [CrossRef] [PubMed]

35. Sun, X.; Yang, S.; Xue, B.; Huo, K.; Li, X.; Tian, Y.; Liao, X.; Xie, L.; Qin, S.; Xu, K.; et al. Super-hydrophobic poly (lactic acid) by
controlling the hierarchical structure and polymorphictransformation. Chem. Eng. J. 2020, 397, 125297. [CrossRef]

36. Leonés, A.; Peponi, L.; Lieblich, M.; Benavente, R.; Fiori, S. In-vitro degradation of plasticized PLA electrospunFiber mats:
Morphological, thermal and crystalline evolution. Polymers 2020, 12, 2975. [CrossRef] [PubMed]

37. Patel, H.; Oza, K. Synthesis, characterization and antimicrobial activity of metal chelates of 5-[1(H)-benzotriazole methylene]-8-
quinolinol. E-J. Chem. 2009, 6, 371–376. [CrossRef]

38. Mohac, L.; Keating, A.; Pina, M.; Raimi-Abraham, B. Engineering of nanofibrous amorphous and crystalline solid dispersions for
oral drug delivery. Pharmaceutics 2019, 11, 7. [CrossRef] [PubMed]

http://doi.org/10.1002/mabi.201600118
http://doi.org/10.3390/polym12061384
http://www.ncbi.nlm.nih.gov/pubmed/32575688
http://www.ncbi.nlm.nih.gov/pubmed/25897210
http://doi.org/10.1016/j.msec.2020.111185
http://doi.org/10.1515/epoly.2004.4.1.624
http://doi.org/10.1016/j.msec.2014.04.043
http://www.ncbi.nlm.nih.gov/pubmed/24907744
http://doi.org/10.3390/molecules23030672
http://www.ncbi.nlm.nih.gov/pubmed/29547522
http://doi.org/10.3390/molecules25184321
http://www.ncbi.nlm.nih.gov/pubmed/32967141
http://doi.org/10.1016/j.jsps.2018.07.017
http://www.ncbi.nlm.nih.gov/pubmed/30662305
http://doi.org/10.3390/polym11101617
http://doi.org/10.1111/jam.14290
http://doi.org/10.1007/BF00771779
http://doi.org/10.1177/0883911506068495
https://imagej.nih.gov/ij/
http://doi.org/10.1177/0883911506073570
http://doi.org/10.1002/mabi.200700129
http://doi.org/10.1208/s12249-021-02081-z
http://www.ncbi.nlm.nih.gov/pubmed/34286391
http://doi.org/10.1016/j.cej.2020.125297
http://doi.org/10.3390/polym12122975
http://www.ncbi.nlm.nih.gov/pubmed/33322121
http://doi.org/10.1155/2009/243931
http://doi.org/10.3390/pharmaceutics11010007
http://www.ncbi.nlm.nih.gov/pubmed/30586871

	Introduction 
	Materials and Methods 
	Materials 
	Procedures 
	Preparation of Electrospun Fibrous Materials 
	Characterization of the Electrospun Materials 
	In Vitro Antifungal Assay 
	Statistical Analysis 

	Results and Discussion 
	Morphological Analysis 
	Contact Angle Measurements 
	FTIR Spectroscopic Analysis 
	XRD Analysis 
	Mechanical Properties 
	Cumulative Drug Release Analysis 
	Antifungal Activity of the Fibrous Membranes 

	Conclusions 
	References

