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Abstract. Functional, biopolymeric electrospun structures for the controlled release of antimicrobial agents are gaining in-
creasing interest in food packaging applications. In this study, the physical and antibacterial performances of ternary systems
composed of polylactic acid (PLA) electrospun mats loaded with 20 wt% of different relative amounts of carvacrol (CRV)
and a commercial nisin formulation (Nis) were assessed. Scanning electron micrographs displayed micro-scaled fibers with
different diameter size distributions depending on the relative concentrations of the additives. The PLA/CRV/Nis membranes’
wettability was affected by the relative amount of CRV and Nis loaded, switching from hydrophobic to hydrophilic at the
highest Nis concentrations. Thermal and tensile tests assessed the plasticizer action of CRV on PLA, while the Nis formulation
was found to modify the mechanical behavior of the membranes from ductile to brittle. The release profiles of CRV and Nis
from PLA/CRV/Nis structures, assessed via spectroscopical measurements and fitted with a power-law model, permitted to
investigate of the different release mechanisms of the additives as a function of their relative concentration. The determination
of the antibacterial activity of the electrospun material clearly indicated that the most effective inhibition of food-borne path-

ogenic bacteria was registered with PLA containing 20% of CRV.
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1. Introduction

In the last two decades, biopolymers have been widely
explored for innovative applications, such as active
food packaging [1, 2] and biomedical device fabri-
cation [3]. In this frame, there is a rising interest in
functional polymeric porous structures characterized
by the ability to release antimicrobial agents in a
controlled manner [4, 5].

Due to the possibility of large amounts of drug load-
ing, ease of operation, and cost-effectiveness, electro-
spinning is an attractive technique for the fabrication
of drug delivery systems [6]. Furthermore, the addi-
tive incorporation into the polymeric matrices does

*Corresponding author, e-mail: luigi.botta@unipa.it
© BME-PT

not require any additional chemical reactions, thus
preserving the chemical structure of the drugs [7].
Among the different biopolymeric matrices suitable
for the electrospinning process, such as poly(e-capro-
lactone), polyethylene glycol [8], and poly(vinyl-al-
cohol), polylactic acid (PLA) is one of the most ex-
tensively investigated to make fibers with desired
properties for tissue engineering and drug delivery
applications [9, 10].

PLA is an aliphatic polyester, biocompatible and
biodegradable at a slow rate, recognized as ‘gener-
ally recognized as safe’ (GRAS) by the U.S. Food and
Drug Administration (FDA) for food and biomedical
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applications [11]. These properties made PLA well-
meaning as drug-carrier matrix for biomedical ap-
plications and active food packaging [10, 12]. PLA-
based electrospun systems were loaded with different
kinds of drugs including anti-inflammatory [13, 14],
antimicrobial [15-19], anticancer [20-22], cardiovas-
cular drugs [23, 24], and gastrointestinal drugs [25].
In recent years, electrospinning has been gaining more
and more attraction for active food packaging appli-
cations [26, 27]. Aiming at prolonging the shelf-life
of foods, several antimicrobial compounds were in-
vestigated as an additive for electrospun systems, in-
cluding inorganic nanoparticles [28, 29], essential
oils (EOs) [30-32], and bacteriocins [33].

In this context, plant-derived EOs are among the most
investigated antimicrobial agents for food packaging
applications due to their elevated inhibitory potential
versus a broad range of microorganisms [34, 35].
The main compound of thyme and oregano EOs is
carvacrol (CRV), a monoterpenoid phenol approved
by FDA as GRAS food additive [36]. Due to its ca-
pacity to prevent undesired spoilage and pathogenic
microorganisms, CRV is obtaining increasing accept-
ance among food scientists [8, 10].

The synergistic antimicrobial action due to the com-
binations of CRV with other antimicrobial systems
such as other EOs [37, 38], ammonium-modified
clays [39], and bacteriocins [40, 41] was already re-
ported in the literature. This property allows the less-
ening of the minimum preservative concentration
needed for food preservation, thus decreasing unde-
sirable alterations in their organoleptic and chemo-
physical properties [41]. Churklam ez al. [41] observed
a synergic antimicrobial action due to the combina-
tion of carvacrol and nisin against L. monocytogenes
on ready-to-eat sliced bologna sausages samples.
Nisin is an antibiotic peptide (lantibiotic), recog-
nized as GRAS by FDA [42] and authorized preser-
vative in the European Union (EU) for use in several
food biopreservation strategies [41].

Several research papers deal with including one an-
timicrobial additive in electrospun membranes for
biomedical or, more recently, for active food pack-
aging applications. In this frame, there is a lack of data
regarding the controlled release of two antimicrobial
additives simultaneously included in an electrospun
membrane for active food packaging applications.
Recently, our research group demonstrated the effi-
cacy of an antibacterial, biodegradable film loaded
with CRV and nisin, fabricated by melt mixing and

compression molding [43]. Nevertheless, to the best
of our knowledge, the physical and antibacterial
properties of an electrospun PLA membrane simul-
taneously loaded with CRV and nisin were never de-
scribed so far.

The object of this study is to explore the achievabil-
ity, the physical and antibacterial performances of
PLA electrospun membranes containing CRV, and a
commercial formulation of nisin (Nis) designed for
food packaging applications. The morphology of the
PLA-based materials was assessed via scanning elec-
tron microscopy. Water contact angle measurements
of PLA/CRV, PLA/Nis, and PLA/CRV/Nis were car-
ried out to assess the wettability of the structures. The
mechanical properties of the systems were evaluated
by tensile tests. The thermal properties of PLA-based
materials were assessed via differential scanning
calorimetry, aiming to investigate the effect of the
two compounds and their mixture on PLA electro-
spun fibers. The release profiles of CRV and Nis from
PLA-based structures were evaluated via spectro-
scopical measurements, and they were fitted with a
power-law model. The antibacterial activity of the
materials containing different relative amounts of
CRV and Nis was tested in vitro against the main
food-borne pathogenic bacteria.

2. Materials and methods

2.1. Materials

In this work, PLA (Ingeo 2002D, NatureWorks LLC,
Minnetonka, MN, USA) was used as the biodegrad-
able polymer matrix. CRV (purity > 98%), acetone
(Ac), and chloroforms (TCM) were purchased from
Sigma Aldrich, Munich, Germany. In this work, a
commercial formulation of nisin (Nisin A, Handary
S.A., Brussels, Belgium), hereafter coded as Nis,
was used. The formulation contains a concentration
of nisin > 2.5 wt% mixed with sodium chloride
(>75 wt%) and non-fat dry milk compounds. All the
reactants were ACS grade (purity >99%).

2.2. Electrospinning processing

In order to produce the electrospun structures, 10 wt%
of PLA was solubilized in a mixture of TCM and Ac
(TCM:Ac 2:1 vol) underneath to magnetic stirring
overnight, at ambient temperature. PLA/CRV/Nis
suspensions were made by loading CRV and/or Nis
to the TCM:Ac solvent mixture that was then sub-
jected to magnetic stirring for 1 h needed to obtain a
homogeneous dispersion. Thereafter, PLA was added

1084



F. Lopresti et al. — Express Polymer Letters Vol. 16, No.10 (2022) 1083—1098

Table 1. PLA/CRV/Nis formulations and sample codes.

Sample code CRV* Nis . Nisin*
[wt%] [wt%] [wt%l]

PLA 0 0 0
PLA/CRV/NIS 20/0 20 0 0
PLA/CRV/NIS 15/5 15 5 >0.125
PLA/CRV/NIS 10/10 10 10 >0.25
PLA/CRV/NIS 5/15 5 15 >0.375
PLA/CRV/NIS 0/20 0 20 >0.5

*Concentration with respect to PLA

at 10 wt% with respect to TCM:Ac mixture. The total
amount of antimicrobial additives loaded to the sol-
vent mixture was 20 wt% with respect to PLA, al-
though five relative amounts of CRV and Nis were
chosen i.e., 100% CRYV, 75% CRV and 25% Nis,
50% CRV and 50% Nis, 25% CRV and 75% Nis,
and 100% Nis, according to Table 1. The fourth col-
umn of Table 1 refers to the effective concentration
of nisin in the PLA-based mats according to the con-
centration of bacteriocin in the Nis formulation used
in this work (>2.5 wt%, as declared by the supplier).
The additive concentrations were chosen according
to scientific literature [44].

The PLA, and PLA/CRV/Nis mats were fabricated by
adopting a semi-industrial electrospinning apparatus
(NF-103, MECC Co., Ltd., Fukuoka, Japan). A 5 ml
syringe equipped with a 19-gauge stainless steel nee-
dle was used as a polymeric solution reservoir. The
solution flow rate was kept constant at 1 ml/h during
the process. A cylindrical grounded rotary drum (di-
ameter = 10 cm), positioned at a distance equal to
13 cm from the needle, was used as a collector. The
other parameters used in the processing of PLA-
based systems were the following: applied high volt-
age, 18 kV; temperature, 25°C, collector angular
speed, 10 rpm; processing time, 120 min. After pro-
cessing, membranes with a thickness of around 70 um
were produced. In order to ensure the removal of any
residual solvent, the collected materials were let dry
under a fume hood for 48 h.

2.3. Morphological analysis

The morphology of the materials was assessed
through scanning electron microscopy (Quanta 200
ESEM FEI, Hillsboro, OR, USA). Samples (circular
shaped, diameter equal to 10 mm) were attached to
an aluminum stub with conductive carbon tape. A
Sputtering Scancoat Six (Edwards Laboratories, Mil-
pitas, CA, USA) was used to sputter-coat the sam-
ples with gold for 60 s, in order to avoid electrostatic

discharge during the test. The SEM was set with an
accelerated voltage equal to 10 kV.

2.4. Particles size and fiber diameter
distributions

A dedicated image processing software was used to
investigate the fiber diameter and the particle size
distribution of the electrospun mats. ImageJ on SEM
images of AS and CLO particles was used to deter-
mine the particle size distribution, while a plugin for
Imagel (DiameterJ) was used to investigate the fiber
diameter distribution [45].

2.5. Determination of encapsulation efficiency
and loading capacity

The CRV and Nis encapsulation efficiency (EE) and
loading capacity (LC) in PLA mats were assessed,
agreeing to an experimental route described in our
previous work [36]. Briefly, PLA/CRV/Nis electro-
spun samples (6 mg) were solubilized in chloroform
(100 ml) for 12 hours. The real amount of CRV and
Nis loaded in the mats was measured by means of an
UV-Vis spectroscopy (Model UVPC 2401, Shimadzu
Italia s.r.1., Milan, Italy). In particular, the wavelength
at 273 nm for CAR and 222 nm for Nis were moni-
tored and compared to a predetermined calibration
curve of CRV/CHCI; and Nis/CHCIj; solutions [43].
As references, PLA/CHCI; solution at 10 wt% of
PLA was used. Each assay was carried out in tripli-
cate. The encapsulation efficiency and loading ca-
pacity of the additives were calculated from Equa-
tions (1) and (2) respectively [43]:

EE[%]=

_ _ Effective concentration of additive 100 (1)
Theroretical concentration of additive

_ Effective wight of additive
LCl%]= Weight of PLA — based mats

100 (2)

2.6. Mechanical properties

A universal testing machine (UTM, Instron, Nor-
wood, MA, USA, model 3365) set with a 1 kN load
cell was used to achieve the tensile mechanical meas-
urements. The specimens (10x90 mm, thickness eval-
uated before each test) were cut off by the radial di-
rection of the cylinder-shaped collector. The tensile
tests were carried at | mm/min crosshead speed until
the break. The working distance between the UTM
jaws was 20 mm. The nominal stress-strain curves

1085



F. Lopresti et al. — Express Polymer Letters Vol. 16, No.10 (2022) 1083—1098

were used to assess the elastic modulus (F), tensile
strength (7S), and deformation at break (g,) of the
samples. Seven samples were tested for each mate-
rial, and the average values of the mechanical pa-
rameters were reported=+their standard deviations.

2.7. Differential scanning calorimetry
The calorimetric properties of the samples were as-
sessed via differential scanning calorimetry (DSC),
(Setaram, model DSC131 evo, Lyon, France). The
calorimeter was set to perform two heating cycles
from 25 to 190 °C at 10 °C/min rate underneath nitro-
gen flow. The pre-weighted electrospun samples
(~5 mg) were sealed in aluminum pans before testing.
The crystallinity degree (y) of electrospun PLA and
PLA-based materials was calculated according to
Equation (3) [46]:
X[%]:%.loo (3)
AHp; 5 Xppa
where AH,. is the cold crystallization enthalpy, and
AH,, is the melting enthalpy of the samples, respec-
tively. The weight fraction of PLA is Xpy s, while
AH?Y 5 represents the melting enthalpy of 100%
crystalline PLA (93.7 J/g) [46].

2.8. Water contact angle measurements

Static contact angles measurements were assessed
via FTA 1000 (First Ten Angstroms, Cambridge, UK)
instrument. About 4 pl of distilled water was re-
leased on the samples. The images were acquired
after 10 s from the deposition. At least 7 acquisitions
were taken from each PLA-based material.

2.9. Carvacrol and nisin release kinetics

Before assessing the CRV and Nis release curves as
a function of time, a calibration line was created cor-
relating the UV-vis absorbance peak intensity and
the CRV or Nis concentration [mg/l] in distilled
water. In particular, CRV/water or Nis/water mix-
tures at different concentrations from 1 to 50 mg/l of
CRV and from 50 to 1000 mg/l of Nis formulation
were prepared and analyzed via UV-Vis (model
Specord 252 spectrophotometer, Analytik Jena, Jena,
Germany). The maximum of the absorbance peaks
was identified at a wavelength equal to 273 nm for
CAR and 222 nm for Nis [43]. The calibration curve
of the Nis formulation was corrected by taking into
account that the nominal Nis concentration in the
formulation is 2.5 wt%, as declared by the supplier.

The release curves of PLA/CRV/Nis mats were eval-
uated by dipping a pre-weighed sample (rectangles
of 10x3 cm, weight ~ 13 mg) in 10 ml of distilled
water, cooled at 4 °C, at different time points. Then
the UV-Vis absorbance at 273 nm for CRV and
222 nm for Nis was measured and compared to the
calibration line to obtain the concentration. The ma-
terials were immersed in 10 ml of fresh distilled
water pre-cooled at 4 °C, subsequently each time point.
The release curves exhibit the cumulative release of
CRYV or Nis calculated by serially adding the CRV
or Nis amount released after each time point.

2.10. Antibacterial activity determination

In view of their food bio-preservation, the in vitro
evaluation of the inhibitory activities of a given film
against pathogenic bacteria is necessary [2, 47, 48].
The antimicrobial properties of electrospun materials
activated with carvacrol and nisin, individually or in
combination, were evaluated in vitro against Es-
cherichia coli, Listeria monocytogenes, Salmonella
Enteritidis, and Staphylococcus aureus. These species
represent the four main pathogens responsible for
food-borne diseases in humans. The four strains used
as indicators (sensitive to the inhibitory substances)
belonged to the American Type Culture Collection
(ATCC). The cultures were grown in Brain Heart In-
fusion (BHI) broth (Oxoid, Milan, Italy) at 37 °C per
24 h and prepared for the inhibitory test by centrifu-
gation at 10000-g for 5 min to separate the cells
from the supernatant, washing, and re-suspension in
Ringer’s solution (Sigma-Aldrich, Milan, Italy). The
antimicrobial activity of the electrospun materials
against the different strains was evaluated as report-
ed by Llana-Ruiz-Cabello et al. [47] using a liquid
medium to allow the release of the antibacterial sub-
stances. Briefly, 20 ml volume sterile cups (Bio-
generica Srl, Pedara, Italy) containing 6 mL of sterile
saline solution [NaCl 0.9% (w/v)] and 10 strips
(1 cmx5 cm) of active or control electrospun mate-
rials were inoculated with the cell suspensions of
each indicator strain at the final concentration of
10® CFU/ml and incubated at 37°C until 3 d. Just
after inoculation (0 d) and after 1 and 3 d of incuba-
tion, the cell suspensions were serially diluted by ap-
plying a dilution factor 1:10 in Ringer’s solution
(Sigma-Aldrich, Milan, Italy). The cell suspensions
were inoculated on selective agar media to enumer-
ate the four pathogenic bacteria, as reported in
Table 2.
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Table 2. Microorganisms and growth conditions.

Microorganisms Media Incubation conditions Company
Escherichia (E.) coli Chromogenic Medium 37°C for 24 h Condolab, Madrid, Spain
Listeria (L.) monocytogenes Listeria Selective Agar Base 37°C for 24 h Oxoid, Milan, Italy
Salmonella (S.) Enteritidis Hektoen Enteric Agar 37°C for 24 h Microbiol Diagnostici, Uta, Italy
Staphylococcus (St.) aureus Baird Parker 37°C for48 h Oxoid, Milan, Italy

Microbiological counts were carried out in duplicate.

3. Results and discussion

3.1. Morphology of the electrospun mats
Figure 1 shows the morphology of the Nis formula-
tion used in this work. Nis was derived from milk,
and the commercial powder used in this work con-
tained milk proteins, carbohydrates, and sodium chlo-
ride. Indeed, it was possible to individuate spherical
nisin particles dispersed together with the other com-
ponents. The NaCl particles with lengths ranging from
5up to 14 um formed clusters from 10 to 60 pm.
The morphologies of the electrospun materials are
displayed in Figure 2, together with their correspon-
ding diameter size distribution. As expected and co-
herently with previous works [46, 49], the fibers are
in the microscale and randomly oriented. More in
detail, three main dimensions ranges can be distin-
guished: small nano-scaled fibers in the range 0.1—
0.3 pm, medium fibers in the range 0.4—1.0 pm, and
larger fibers in the range 1.0-1.7 um. Interestingly,
the relative frequency (RF) of each dimension range
is dependent on the material composition. PLA dis-
played the highest RF for small and medium fibers,
while the RF of the bigger fibers was relatively low.
The addition of 20 wt% of CRV (PLA/CRV/Nis 20/0)

= e g

R ABMEN

Figure 1. SEM images of the nisin formulation used in this
work.

caused a steep increase of the bigger fibers RF at the
expense of small and medium fibers. As a result, the
mean diameter size distribution increased from
0.63+0.36 um of PLA to 1.00+0.40 um of PLA/CRV/
Nis 20/0, the highest among the systems here inves-
tigated. This result is coherent with other research
articles focused on the preparation of PLA/CRV
electrospun mat, and it was related to modifications
in the solution viscosity in the presence of CRV [8,
16]. Altan et al. [50] highlighted an increase of ap-
parent viscosity in PLA solution containing 20 wt%
of CRV. Higher viscosity can lead to less stretching
and reduced path of the jet, thus producing larger
fibers. PLA/CRV/Nis 15/5 mats showed a morphol-
ogy similar to PLA/CRV/Nis 20/0, although more
small fibers were detected. Upon increasing the Nis
content and concurrently reducing the CRV concen-
tration, a gradual increase of the medium-range
fibers was observed. In particular, the PLA/CRV/
Nis 0/20 showed the highest RF in the medium-
range fiber diameter and the lowest standard devia-
tion of the fiber distribution. These results can be as-
cribed to the modifications induced by the additives
on the solution properties. In fact, it is well known
that the electrical conductivity of solutions can affect
the shape and size of nanofibers [50]. Beachleya and
Wen [51] observed that salt addition to PCL solu-
tions increases its conductivity and the surface
charge density of the solution jet, led to more ho-
mogenous electrospun fibers.

The additives also modified the fiber shape. More in
detail, PLA, PLA/CRV/Nis 20/0, and PLA/CRV/
Nis 15/5 showed smooth and regular fibers without
drops or beads along the fibers. However, the high
content of CRV in those systems caused a fiber flat-
tening, particularly evident in the PLA/CRV/
Nis 20/0 that were also characterized by a partial
inter-fiber bonding. This result was already observed
in similar systems [52, 53] and was ascribed to the
plasticizer effect of the essential oil in the PLA ma-
trix that will be discussed below.

Upon increasing the Nis content, and concurrently
reducing the CRV concentration, a gradual decrease
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in the fiber flattening and inter-fiber bonding can be
observed. Moreover, PLA/CRV/Nis 10/10, 5/15, and
0/20 clearly display NaCl crystals embedded in the
PLA fibers (see inset in Figure 2, PLA/CRV/
Nis 0/20). As expected, the number of NaCl particles
increased upon increasing the Nis concentration. The
NaCl particles, well dispersed within the fibers, have
a length ranging from 5 um up to 10 um, the same
dimension as the NaCl particles forming the cluster
observed in Figure 1. Reasonably, the solution was
able to solubilize the other components on the Nis
formulation, thus disgregating the NaCl clusters.

In terms of applicability of the PLA-based mats as
antimicrobial material, the good dispersion of both
the antimicrobial additives within the polymer ma-

PLA/CRV/Nis 20/0 @
%

— Express Polymer Letters Vol.16, No.10 (2022) 1083—-1098

trix observed via SEM analysis can ensure a uniform
release of the compounds when in contact with food.
Furthermore, the high interconnected porous struc-
ture observed in all the systems potentially allows
for moisture or exudates absorption when in contact
with foods and/or vegetables.

3.2. Wettability of the electrospun mats

The modification induced by the additives on the hy-
drophilic/hydrophobic character of the materials was
analyzed through water contact angle (/W CA) meas-
urements (Figure 3).

When considering porous materials for food packag-
ing applications, adequate wettability is a desirable
material property because it can ease the absorption

PLA/CRV/Nis 15/5 N

~ 20 = =

- Mean: 0.63+0.36 um S Mean: 1.00+0.40 um S Mean: 0.80+0.46 pm

215 2 15 151

b5 g 5

> 10 > 10 > 10 ]

o o o

Qo o Qo

“a') 5 "q‘) 5 “q: 5

= = >

® O T O T r T 0 . -

o & 0 0.5 1 15 2 S 0 0.5 1 1.5 2
a) Diameter [um] Diameter [um]
PLA/CRV/le 10/10 PLA/CRV/le 5/15 ¢

i

= ~ 20 — 20-

=, Mean: 0.97+0.36 pm = Mean: 0.87+0.41 um = Mean: 0.85+0.31 pm

15 3 15 15

5] 5] 5]

210 2 10 3 10

Y Y Y

s 5 2 O 9 5

2 = =

80 : ‘ 8 0 : ‘ ‘ 80 : :

g 0 0.5 1 1.5 2 & 0 0.5 1 1.5 2 £ 0 0.5 1 1.5 2
d) Diameter [um] e) Diameter [um] f) Diameter [um]

Figure 2. Scanning electron microscopy micrographs of PLA and PLA/CRV/Nis electrospun mats at different CRV/Nis rel-
ative concentrations and their corresponding fiber diameter distribution. a) PLA, b) PLA/CRV/Nis 20/0,
c) PLA/CRV/Nis 15/5, d) PLA/CRV/Nis 10/10, ¢) PLA/CRV/Nis 5/15, f) PLA/CRV/Nis 0/20.
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Figure 3. Water contact angles of PLA and PLA/CRV/Nis
electrospun materials. Values are given as means
+SD.

of moisture or exudates produced by physicochem-
ical modifications in foods and/or vegetable transpi-
ration [54].

The intrinsic hydrophobicity of the electrospun PLA
mats was highlighted by the high WCA values, around
133°, The addition of CRV (PLA/CRV/Nis 20/0) led
to a reduction of the WCA of the samples from 130
down to 115°. This result was already observed in
previous works, and it could be ascribed to the
chemical structure of CRV that contains oxygenated
moieties, which can interact with the water mole-
cules [55]. Similar values of WCA were also record-
ed for the PLA/CRV/Nis 15/5 and 10/10 systems.
The WCA values reached the value of 0° (water
droplet rapidly absorbed by the porous material) for
the system containing the highest amount of Nis i.e.,
PLA/CRV/Nis 5/15 and 0/20. This result is not sur-
prising since it was already observed in similar sys-
tems [56] and related to the presence of the non-fat
dry milk compounds and the hygroscopic NaCl par-
ticles contained in the commercial nisin formulation
that could provide the fast water absorption by the
PLA/CRV/Nis 5/15 and 0/20 materials. For those sys-

tension, thus allowing the absorption of the water
droplet. According to these results, PLA/CRV/
Nis 5/15 and 0/20 showed the highest potential as a
collector of moisture or exudates produced by foods
and/or vegetable transpiration.

3.3. Thermal and mechanical properties of
electrospun mats
DSC analysis was implemented to evaluate the ther-
mal transitions of the electrospun materials. The first-
heating thermograms of the different PLA/CRV/Nis
formulations are reported in Figure 4, while their main
thermal properties are summarized in Table 3.
The thermogram of PL A was characterized by an en-
dothermic peak at 62.8 °C, typically related to its
glass transition (7). The same curve revealed a cold
crystallization exothermic peak at 110.2 °C (7¢) and
amelting peak at 157.0 °C (7},). More in detail, PLA
presented a double melting peak characterized by a
dominant peak at the highest temperature. These two
melting peaks were already observed in scientific lit-
erature and related to the formation of two crys-
talline polymorphs: B crystalline form (at a lower
temperature) and a crystalline form (at a higher tem-
perature) [57].

PLA

PLA/CRV/Nis 20/0
PLA/CRV/Nis 15/5
PLA/CRV/Nis 5/15

PLA/CRV/Nis 0/20

30 50 70 90 110 130 150 170 190
Temperature [°C]

—» EXO

Heat flow [a.u.]

Figure 4. Differential scanning calorimetry (DSC) thermo-
grams of electrospun PLA and PLA/CRV/Nis

tems, the presence of the NaCl particles probably led samples.
to capillary forces stronger than the water surface
Table 3. DSC results of electrospun PLA and PLA/CRV/Nis samples.
T, Te T AH,, AH,, X

Sample [°C] °Cl °Cl Wl Wl [%]
PLA 62.8 110.2 157.0 22.30 30.1 8.32
PLA/CRV/Nis 20/0 48.1 109.5 150.5 24.49 27.51 4.02
PLA/CRV/Nis 15/5 51.1 110.1 152.3 27.10 31.87 4.66
PLA/CRV/Nis 10/10 52.1 120.3 152.6 13.41 16.45 4.06
PLA/CRV/Nis 5/15 57.5 120.3 155.5 13.92 16.9 3.98
PLA/CRV/Nis 0/20 62.9 120.0 159.1 18.50 24.7 8.27
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PLA crystallinity was found to be relatively low, equal
to 8.32%. This result was expected since electrospin-
ning processing involves the rapid solidification of
the polymeric solution due to solvent evaporation,
thus avoiding the achievement of high crystallization
degrees [58].

The inclusion of 20 wt% of CRV (PLA/CRV/Nis 20/0
system) caused a neat reduction of 7, and of T,
down to 48.1 and 150.5 °C, respectively. Interesting-
ly, the melting peak is characterized by a unique peak
at a lower temperature, thus indicating that PLA/
CRV/Nis 20/0 exhibits one crystalline phase. Several
researchers [59, 60] have observed similar melting
behavior for PLA loaded with essential oils and can
probably be ascribed to their molecular structure,
likely able to modify the overall chain mobility of
polymer matrix, resulting in a different crystalliza-
tion phase. Moreover, the crystallinity of PLA was
found to be more than halved by the addition of CRV
(Table 4). These effects were already observed in
previous works, and they were associated with the
plasticizer action of CRV on PLA matrix [59, 60].
On the other hand, if compared to PLA, PLA/CRV/
Nis 0/20 thermal properties were very similar since
the only differences were observed for an increase
of T, and a very slight increase of 7},,. As a conse-
quence, it may be assumed that the Nis formulation
poorly affected the thermal properties of PLA, prob-
ably because of the low affinity existing among the
polymer matrix and the main component of the for-
mulation i.e., NaCl particles.

The other formulation displayed 7, and Ty, values in
between PLA/CRV/Nis 20/0 and 0/20, which in-
creased upon decreasing the CRV content (Table 3).
T.. values of PLA, PLA/CRV/Nis 20/0, and 15/5
were similar to each other and increased by about
10°C for the other formulations. This result may be
ascribed to the presence of NaCl particles that are
able to reduce the PLA chain mobility, thus delaying
the cold crystallization phenomenon.

The shape of the melting peak of PLA/CRV/Nis 15/5
was very similar to that of PLA/CRV/Nis 20/0, while
the onset of the second melting peak observed in
PLA is evident in the other materials. Interestingly
the height of the higher-temperature melting peak in-
creased upon increasing the content of Nis, although
the lower-temperature peak in PLA/CRV/Nis 0/20 is
more pronounced than in PLA.

The values of crystallinity for all the systems con-
taining carvacrol were in the range 4-4.7 %, thus

corroborating the hypothesis that the driver compo-
nent able to reduce this value is CRV, also at low
concentration.

The mechanical properties of the materials were
evaluated through tensile tests. Figure 5 displays the
engineering stress-strain curves of the electrospun
mats, while Table 4 summarizes the mean mechani-
cal parameters. PLA exhibited the mechanical com-
portment of a ductile material displaying relatively
low E, around 19 MPa, and relatively high elongation
at break (&p), around 140%. The addition of 20 wt%
of CRV (PLA/CRV/Nis 20/0) led to an increase of
both elastic modulus, up to 112 MPa, and &, up to
190%. An increase of the tensile strength from
3.3 MPa of PLA to 4.7 MPa of PLA/CRV/Nis 20/0
was also recorded.

PLA/CRV/Nis 15/5 presented E values higher than
PLA (105.6 MPa) and lower values of 7S and ¢,
equal to 4.7 MPa and 129%, respectively. Upon in-
creasing the Nis content and concurrently reducing
the CRV concentration, a gradual decrease of all the

Table 4. Tensile properties of electrospun PLA and PLA/
CRV/Nis samples. Values are given as means £SD
of n =75 samples.

Sample E s £
P [MPa] [MPa] [%]
PLA 19.1£2.1 3.3+0.5 142.1+15.4
PLA/CRV/Nis 20/0 111.949.3 4.7+0.3 189.7+13.3
PLA/CRV/Nis 15/5 | 105.6+8.0 2.3+0.7 128.9+17.5
PLA/CRV/Nis 10/10 | 88.9+8.8 2.1+£0.4 109.8+9.7
PLA/CRV/Nis 5/15 53.843.7 0.740.1 16.6+2.5
PLA/CRV/Nis 0/20 37.0+3.1 0.7+0.1 7.7£1.2
— PLA
—— PLA/CRV/Nis 20/0
0 —— PLA/CRV/Nis 15/5
6
- 08 —— PLA/CRV/Nis 5/15
£ 0 —— PLA/CRV/Nis 0/20
5] 8 o4
&
0.2
=
% 4 03 1 2 3
.; Strain [%]
8
@ 3
2
1

0 50 100 150 200
Strain [%]

Figure 5. Representative stress-strain curves of electrospun
PLA and PLA/CRV/Nis samples.
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mechanical parameters can be observed. In particu-
lar, the electrospun material loaded with 20 wt% of
Nis (PLA/CRV/Nis 0/20) showed an elastic modulus
higher than PLA (37 MPa) and the lowest values of
TS and g, among the materials investigated, equal to
0.7 MPa and 7.7%, respectively.

The steep increase of all the mechanical parameters
due to the presence of CRV was already observed in
previous work [60] and related to a double action of
CRYV that acted as a plasticizer and as adhesive for
the PLA fibers. The plasticizer action of this essential
oil on a biodegradable polymer matrix was previous-
ly reported [59, 60] and ascribed to the capacity of
the low molecular weight CRV molecules to reduce
the intermolecular forces of the polymer chains. As
a result, CRV is able to increase the elongation at
break of the matrix. Moreover, CRV can enhance the
surface interactions of the PLA-based fibers, hinder-
ing their slipping results in an increase in the elastic
modulus of the membranes [8, 60].

The value of the elastic modulus of PLA/CRV/
Nis 0/20, almost double that of PLA, let us reason-
ably conclude that the Nis formulation has a certain
reinforcing action on PLA. This is not surprising since
the addition of solid particles usually leads to an in-
crease in the elastic modulus of electrospun polymer
matrices [46, 61]. However, the same materials dis-
played a dramatic reduction of the elongation at
break, which allowed identifying the NaCl particles
embedded into the PLA fibers as defects, as already
observed in other works focused on nisin inclusion
in gelatin electrospun fibers [61] and PLA/hydrox-
yapatite electrospun composites [46].

In fact, solid particles embedded in electrospun
fibers can act as confined stress points that are able
to induce the fracture of the material at lower strain
[46]. The premature failure of the samples may be
identified as the reason for the low 7S values ob-
served for those samples [46].

As expected, PLA/CRV/Nis 15/5, 10/10, and 5/15
showed an intermediate mechanical behavior be-
tween PLA/CRV/Nis 20/0 and 0/20. Since PLA/CRV/
Nis 15/5 deformation at break is slightly lower than
that of PLA, it can be assumed that the Nis formula-
tion is likely able to moderate the plasticizer effect
of CRV also at low concentrations.

Due to the relatively high elastic modulus and elon-
gation at break displayed by PLA/CRV/Nis 20/0,
15/5, and 10/10, these materials can be adapted for
use as high load-bearing packaging materials. On the

other hand, PLA/CRV/Nis 5/15 and 0/20 are more
suitable for low deformation applications, such as
direct food wrapping, because of their fragile me-
chanical behavior.

3.4. Encapsulation efficiency and release
kinetic of CRV and Nis
Encapsulation efficiency (EE) and loading capacity
(LC) represent key parameters for assessing the
achievability of antibacterial electrospun materials.
EE can be defined as the percentage of additive that
becomes encapsulated during the processing [62].
The higher the EE, the lower the additive loss due to
the fabrication route. On the other hand, the loading
capacity can be defined as the concentration of ad-
ditive that the carrier is able to entrap. The higher
the LC, the higher the additive concentration that the
material can potentially release.
The EE and LC of CRV and Nis incapsulated in
PLA/CRV/Nis electrospun mats are summarized in
Table 5. CRV showed EE values that increased upon
decreasing the CRV concentration in the polymer
matrix. On the opposite, Nis EE values slightly in-
creased upon increasing the Nis concentration, and
they were always higher than that of CRV. This result
can be ascribed to the different £E loss mechanisms
among the two systems. In fact, it is reasonable to
suppose that part of CRV was not encapsulated into
the PLA fibers due to its high volatility, which
caused partial evaporation during the jet spinning
[63]. Therefore, the higher the CRV concentration,
the higher the evaporation driving force and the
lower the EE of this component. On the other side,
Nis EE can be mainly ascribed to the sedimentation
of the Nis particles during the electrospinning
process. More in detail, the equipment used in this
work exploits a horizontal syringe pump that permits
the deposition of part of the Nis formulation on its
bottom during processing.

Table 5. CRV and Nis encapsulation efficiency and loading
capacity in electrospun PLA/CRV/Nis samples.

Encap s.ulation Loading capacity
efficiency
Sample [%] [Yo]

CRV Nis CRV Nis
PLA/CRV/Nis 20/0 85.6 — 17.12 -
PLA/CRV/Nis 15/5 87.4 91.7 13.11 4.585
PLA/CRV/Nis 10/10 89.7 92.4 8.97 9.24
PLA/CRV/Nis 5/15 923 93.1 4.615 | 13.965
PLA/CRV/Nis 0/20 - 94.7 - 18.94
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Figure 6. Release kinetics of a) CRV and b) Nis from PLA/CRV/Nis samples in distilled water at 4 °C expressed as mg of
released additive for 1 g of electrospun mat versus time.

However, due to the high dispersion achieved during
mixing, the Nis EE was relatively high and slightly
dependent on the Nis concentration. For both addi-
tives, the EE values found in this work are high
(> 80% [64]) and comparable to those found in other
similar systems [65—67].

PLA electrospun mats displayed an increase in the
LC of both the antimicrobial additive used upon in-
creasing their concentration, in agreement with sci-
entific literature [62]. The high values of loading ca-
pacity are in agreement with other results in scientific
literature and confirm that the electrospinning process
is very efficient for the encapsulation of active com-
pounds in nanostructured materials [63, 68].

The release profile of CRV and Nis from the differ-
ent PLA/CRV/Nis formulations are displayed in
Figures 6a and 6b, respectively, as the mg of additive
released for 1 mg of material.

The curves indicate that the amount of released ad-
ditive is proportional to its concentration in the PLA-
based material. In general, the value of Nis released
from 1 gram of membrane is much lower than that
of CRV since the commercial formulation used in this
work contains 2.5 wt% of Nis.

00
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S 04 .
S .
2 i
B 06 : o
x g
35 -087 .0 _
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1.2 4— —————— T
0 05 1 1.5 2 25
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One of the most adopted models to analyze the release
mechanism of additives embedded in electrospun
systems is the power-law model. For this reason,
Figure 7 reports the experimental data plotted as
log (My/M.,) versus log (time) fitted by a power law
(Equation (4)):

M
3 = k" 4)

where M., represents the weight of CRV or Nis in-
corporated in the polymer matrix, according to the
encapsulation efficiency results; M, stays for the
quantity of CRV or Nis released at time ¢; k is a ki-
netics constant; 7 is the release time; n is the diffusion
exponent according to Peppas and Sinclair [69].

Table 6 summarizes n, k, and R? obtained by fitting
the experimental data with the power law. According
to our previous works, the power-law model was used
to fit separately three release stages that can be distin-
guished by the linearity of the log (M/M..) versus log
(time) curves [8]. According to this approach, both the
CRYV and Nis release were characterized by three dif-
ferent release stages i.e., a burst stage (I) before 8 and
6 hours of release for CRV and Nis, respectively; a

0.0
-0.2
S -04
S«
S -06
Ke) g o
-8
2 08 .o :
Sy —e— PLA/CRV/Nis 15/5
-1.04 . —e— PLA/CRV/Nis 5/15
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Figure 7. Release kinetics of a) CRV and b) Nis from PLA/CRV/Nis samples in distilled water at 4°C expressed as

log (M{/M.,) versus log (time).
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Table 6. Power law parameters were obtained from the release kinetics of Nis and CRV from PLA/CRV/Nis samples.

k n-1072 R?
CRY release Release stage [h] - -
CRV Nis CRV Nis CRV Nis
@ -0.76 - 60.9 - 99.9 -
PLA/CRV/Nis 20/0 (I1) -0.40 - 20.7 - 100.0 -
(III) -0.14 — 5.3 - 99.4 -
(D -0.89 —-1.14 65.5 89.0 99.9 99.9
PLA/CRV/Nis 15/5 (1) -0.55 —-0.60 27.5 17.5 99.9 100.0
(111) -0.17 -0.33 4.9 1.9 99.4 99.2
) -0.98 -1.04 68.6 83.1 99.9 99.8
PLA/CRV/Nis 10/10 (1) —0.66 —0.56 324 20.3 100.0 100.0
(1II) -0.19 -0.26 4.6 2.2 99.4 99.4
@D -1.09 -0.96 71.2 78.2 99.8 99.8
PLA/CRV/Nis 5/15 (I1) —0.80 -0.53 38.2 21.4 99.9 100.0
(III) -0.24 -0.21 4.7 2.7 99.8 99.6
a - ~0.89 - 747 - 99.8
PLA/CRV/Nis 0/20 (I1) - -0.49 - 22.0 - 99.8
(111 - 2017 - 3.0 - 99.6

slower release rate (II) (for 848 hours and 6—
48 hours of release for CRV and Nis, respectively); a
final plateau region (I1I) from 48 hours up to the end
of the test for both the additives, indicating a slow
and sustained release up to 216 hours.

During the first release stage, both CRV and Nis re-
lease is characterized by » values higher than 0.5,
thus suggesting a superposition of diffusion-con-
trolled and swelling-controlled release defined as
anomalous transport according to Peppas and Sinclair
[69]. During the second and third release stage, the
diffusion exponent values for CRV and Nis were
lower than 0.5, suggesting a diffusion-controlled re-
lease, according to Peppas and Sinclair [69].

More in detail, during the first release stage, n values
of Nis are higher than those of CRV, while during
the second and third stages, the diffusion exponent of
Nis showed a steep decrease leading to lower n val-
ues than those of the CRV. This result suggested a
more intense Nis burst release than that of CRV dur-
ing the first hours of the test.

According to these results, it can be concluded that
the materials proposed in this work as suitable for
fresh products characterized by a relatively short
shelf-life.

3.5. Antibacterial activity of electrospun mats

In this study, the inhibitory activity of the electrospun
mats activated with CRV and Nis, alone or in com-
bination, was tested against different bacteria gener-
ally used as food safety criteria (L. monocytogenes

ATCC19114 and S. Enteritidis ATCC13076) and
process hygiene criteria (£. coli ATCC25922 and
St. aureus ATCC33862) following the indication of
European Commission (EC) Regulation No
2073/2005 (Commission Regulation, 2005). As re-
ported in Table 6, just after bacterial inoculation, all
samples showed a cell density of approximately 6.0
log CFU/ml. A decrease in microbial growth was
registered for all strains in the presence of PLA ac-
tivated with 20% CRV. The decrease in level was
significant for all four pathogens from the first day,
and E. coli and St. aureus were undetectable on the
third day. These observations are not surprising be-
cause CRV was found to exert inhibition of food-
borne pathogenic bacteria in several polymeric ma-
trices [16, 36, 43]. CRV reduces the growth of
Gram-negative bacteria thanks to its ability to de-
stroy their double-layer cell membrane [70]. On the
other hand, PLA/ CRV/Nis 0/20 showed a lower an-
timicrobial activity against all the food-borne bac-
terial pathogens tested in this work. This result can
be explained by considering the low absolute
amount of Nis released by the polymer matrix be-
cause the commercial formulation used in this work
contains 2.5 wt% of nisin. As summarized in
Table 7, the antimicrobial activity of the electrospun
materials activated with both CRV and Nis de-
creased with the percentage of Nis added, confirm-
ing the previous findings of Lopresti ef al. [43]. This
result corroborates the hypothesis that in the ternary
PLA/CRV/Nis systems, the antimicrobial action can
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Table 7. Antimicrobial activity of electrospun PLA and PLA/CRV/Nis samples against the main food-borne bacterial

pathogens.
Antimicrobial activity
Strains/Samples [log CFU/ml]
Day 0 Day 1 Day 3
E. coli ATCC25922
PLA 6.07+0.10 6.06+0.09 6.04+0.06
PLA/CRV/NIS 20/0 6.04+0.06 1.68+0.02 0.00+0.00
PLA/CRV/NIS 15/5 6.01+0.15 4.15+0.21 3.584+0.03
PLA/CRV/NIS 10/10 5.99+0.06 4.80+0.28 4.68+0.02
PLA/CRV/NIS 5/15 5.90+0.14 5.25+0.07 5.054+0.07
PLA/CRV/NIS 0/20 5.91+0.16 5.49+0.02 5.26+0.08
L. monocytogenes ATCC19114
PLA 6.12+0.16 6.05+0.07 6.05+0.07
PLA/CRV/NIS 20/0 5.90+0.14 3.16+0.02 1.53+0.04
PLA/CRV/NIS 15/5 6.02+0.03 4.05+0.07 3.70+0.14
PLA/CRV/NIS 10/10 6.09+0.12 5.32+0.02 4.19+0.02
PLA/CRV/NIS 5/15 6.10+0.28 5.34+0.06 5.2440.06
PLA/CRV/NIS 0/20 6.04+0.06 5.66+0.06 5.5340.05
S. Enteritidis ATCC13076
PLA 6.02+0.03 5.95+0.07 5.9540.07
PLA/CRV/NIS 20/0 6.06+0.08 3.15+0.03 1.54+0.06
PLA/CRV/NIS 15/5 6.06+0.08 4.46+0.02 3.68+0.02
PLA/CRV/NIS 10/10 6.05+0.07 5.16+0.03 4.77+0.01
PLA/CRV/NIS 5/15 5.99+0.02 5.35+0.07 5.06+0.08
PLA/CRV/NIS 0/20 5.91+0.16 5.49+0.12 5.154+0.21
St. aureus ATCC33862
PLA 6.02+0.03 5.97+0.23 5.954+0.21
PLA/CRV/NIS 20/0 6.05+0.22 2.35+0.07 0.00+0.00
PLA/CRV/NIS 15/5 6.05+0.07 4.67+0.10 3.56+0.03
PLA/CRV/NIS 10/10 6.12+0.17 4.91+0.13 4.15+0.03
PLA/CRV/NIS 5/15 6.07+0.09 5.20+0.01 5.04+0.06
PLA/CRV/NIS 0/20 6.09+0.12 5.65+0.07 5.40+0.14

Abbreviations: E. — Escherichia; L. — Listeria; S. — Salmonella; St. — Staphylococcus.

be mainly ascribed to the release of CRV rather than
to Nis.

5. Conclusions

This work focused on the chemo-physical character-
ization and antimicrobial potential of PLA-based
electrospun membranes loaded with different rela-
tive amounts CRV and Nis, two well-known antimi-
crobial agents, commercially available and GRAS
food additives by the U.S. FDA.

The SEM images revealed that the CRV/Nis relative
concentrations affected the diameter size distribu-
tions of the PLA fibers. A higher concentration of
CRYV led to a higher mean diameter size that became
smaller upon increasing the Nis content. High Nis
concentration also switched the wettability behavior
of the samples from hydrophobic to hydrophilic.

Thermal and tensile tests assessed the plasticizer ac-
tion of CRV on PLA, while the Nis formulation was
found to modify the mechanical behavior of the
membranes from ductile to brittle without modifying
its thermal behavior. Moreover, CRV and Nis formu-
lations were able to improve the elastic modulus of
the PLA-based membranes by acting in different
ways. CRV avoided the fiber slipping during the ten-
sile test and induced an elastic improvement of about
580% for the PLA/CRV/Nis 20/0 systems, while the
Nis formulation acted as a solid filler incrementing
the elastic modulus of the PLA/CRV/Nis 0/20 mem-
branes of about 100%. The other materials showed
intermediate values of the elastic modulus. The re-
lease curves analyses revealed the amount of released
additive is proportional to its concentration in the
PLA-based material. The power-law model allowed
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assessing that the burst release of CRV was slower
than that of Nis in all the investigated formulations,
although both the additives were characterized by an
anomalous-transport mechanism of release. The
electrospun material containing 20% of CRV exhib-
ited the highest inhibitory activity against E. coli,
L. monocytogenes, S. Enteritidis, and St. aureus.
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