Document downloaded from:

http://hdl.handle.net/10251/194926
This paper must be cited as:

Ordodiez, R.; Atarés Huerta, LM.; Chiralt Boix, MA. (2022). Antilisterial action of PLA films
with ferulic acid as affected by the method
of incorporation. Food Bioscience. 49:1-11. https://doi.org/10.1016/}.tbi0.2022.101865

The final publication is available at

https://doi.org/10.1016/j.fbio.2022.101865

Copyright E|sevier

Additional Information



N ook W N

Antilisterial action of PLA films with ferulic acid as affected by the method of
incorporation.

Ramon Ordofiez @', Lorena Atarés®2, Amparo Chiralt 23

gInstituto Universitario de Ingenieria de Alimentos para el Desarrollo.
Universitat Politécnica de Valéncia, Camino de Vera, s/n, 46022 Valencia, Spain.
'raorla@doctor.upv.es 2loathue@tal.upv.es 3dchiralt@tal.upv.es



Abstract

Previous studies demonstrated that polylactic acid (PLA) films with ferulic acid (F) obtained by melt blending
did not release the active compound to exert effective antibacterial action. To solve this problem, different
strategies to promote the active properties of PLA-F materials have been studied: film processing by casting
with F up to 10 w/w, surface loading of thermoprocessed films with F, by adsorption or pulverisation with F
solutions, and electrospinning of PLA-F solutions, using different solvent systems, to obtain nanostructured
mats. The materials obtained were characterised by their morphological properties and antilisterial activity.
F crystallised inside cast films and on the surface loaded PLA films. Electrospun materials exhibited different
morphology, depending on the solvent system of the initial solution; fibre mats were obtained with ethyl
acetate-DMSO mixtures, whereas bead structures were mainly formed with glacial acetic acid with or without
ethyl acetate. No antilisterial activity was observed in cast films regardless of the F concentration, whereas
surface loaded films by adsorption or pulverisation inhibited the listeria growth by about 4 Log(CFU/mL).
Electrospun materials only inhibited bacterial growth (3 Log CFU) when these were fibre-structured.
Therefore, active films of PLA with F could be only obtained when the active was surface anchored or
encapsulated in thin fibre mats, with high surface to volume ratio. In this way, the release of the active
compound is promoted, avoiding the problem of its limited internal diffusion through the PLA matrix.

Keywords: PLA, antimicrobial, electrospinning, pulverisation, ferulic acid, active food packaging.
Highlights

Alternative methods to incorporate ferulic acid (F) into a PLA matrix were studied

No bacterial inhibition was observed for cast PLA films with different concentrations of F

Film surface anchoring of F by adsorption or pulverisation provoked bacteriostatic effect

Fibre or bead formation in electrospun PLA-F materials depended on the used solvent

Fibre structured electrospun materials inhibited bacterial growth, unlike those bead-structured

1. Introduction

As the global environmental crisis escalates due to the uncontrolled use of petroleum-based plastics, the
food packaging industry needs alternative solutions capable of ensuring food quality and safety while driving
the operations to more sustainable practices. These practices also include the reduction of chemical
additives used for food preservation; hence, there is growing interest in the use of naturally occurring
compounds with antimicrobial and antioxidant properties (Atarés & Chiralt, 2016). Polylactic acid (PLA) is a
widely studied biodegradable polymer obtained by synthesis from lactic acid coming from the fermentation
of biomass sources (Armentano et al., 2013). It exhibits good properties for food packaging purposes
(Velasquez et al., 2021; Muller et al., 2017a) and it is considered to be the most promising bioplastic, based
on its production and the growing tendency on patents filings (Elvers et al., 2016). The beneficial properties
of PLA include good mechanical strength and thermoforming ability, biocompatibility, composting ability and
monomer renewability, although its inherent brittleness and low thermal resistance limit some of its
packaging applications. Its functional properties can be improved by incorporating bioactive compounds into
the polymer matrix, which can contribute to the enhancement of its ability for food preservation and shelf-life
extension, thus adding value to the material and increasing its competitiveness in the packaging market. Of
the naturally occurring bioactive compounds, ferulic acid (F) is a hydroxycinnamic acid, commonly present
in a great variety of plant species, which exhibit antimicrobial (Miyague et al., 2015; Pernin et al., 2019; Shi
et al., 2016) and antioxidant properties (ltagaki et al., 2009; Rice-Evans et al., 1996; Zdunska et al., 2018).
It has low toxicity and possesses many physiological functions (anti-inflammatory, antioxidant, antimicrobial
activity, anticancer, and antidiabetic effect), being widely used in the pharmaceutical, food, and cosmetics
industry (Paiva et al., 2013).

Incorporation of active compounds, such as F, into biodegradable polymers, such as PLA, could result in
active and biodegradable packaging materials useful to extend food shelf life (Muller, et al., 2017b), with
better environmental performance than conventionally used plastics (Lorite et al., 2017). In a previous study,
F has been incorporated into PLA matrices, by using melt-blending and compression moulding to obtain
potentially active films (Ordofiez et al., 2022). However, the resulting materials did not exhibit significant
antimicrobial activity, which was attributed to the limited release of the active compound due to the low
molecular mobility in the glassy polymeric matrix (Tg=55°C) that inhibits diffusion processes (Chung & Kwak,
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2019). In this sense, alternative methods to incorporate F into the PLA matrix that would favour its
antimicrobial action are of great interest, given the marked potential of these films for food preservation
purposes. To this aim, two possibilities can be envisaged: a) promotion of the internal diffusion of the active
compound through the polymer matrix (e.g. by plasticising) and b) anchoring the compound on the film
surface to avoid the hindered internal mass transfer through the film. Likewise, encapsulation of the active
compound in nanostructured materials, with high surface-volume ratio, could also favour its release and
antimicrobial action.

To obtain more plasticized PLA films, solvent casting could be used. It consists of formulating polymeric
solutions, where additives (plasticisers, active components...) can be incorporated, and later allowing the
solvent to evaporate in order to form the film (Suhag et al., 2020). In polymeric films obtained by casting,
residual solvent retention generally occurs due to the solvent-polymer interactions that hinder the complete
evaporation of the solvent. The retained solvent acts as a plasticizer in the polymer matrix, giving rise to
more plasticized films (lower Tg), with higher molecular mobility (Ordofiez et al. 2022; Muller et al., 2017b).
This can enhance the release of incorporated active compounds from the matrix, compared to those polymer
matrices obtained by thermal processing. The coating of thermo-processed PLA films with a thin layer of F-
loaded PLA solution could be used to obtain active films, facilitating the release of the active in contact with
the food substrate.

Different methods could be used to produce surface loaded PLA films with F, such as the compound
adsorption on the film from a concentrated F solution or the film spraying with a F solution. In this sense,
previous studies reported good adsorption of ferulic acid on Amberlite XAD16 from organic waste effluents
(Davila-Guzman et al., 2012). The driving force of the adsorption phenomena is the compound chemical
potential that increase with the compound concentration in the solution. Adsorption mechanisms and the
yield of the process are affected by a wide number of factors, such as the relative chemical affinity between
the compound and the surface and the solvent, temperature or pH (Davila-Guzman et al., 2012; Pholosi et
al., 2020). Thus, the superficial anchoring of the ferulic acid on the PLA film surface could be achieved by
the film’s immersion in a concentrated solution of the acid. Likewise, the pulverisation of a F solution on the
film surface, using a flow controlled device, can also be used to produce ferulic surface-loaded PLA films,
using a volatile solvent to favour the evaporation process and compound deposition (Main et al., 1978).

Electrospinning is an alternative process to produce F delivery systems from PLA. This technique makes it
possible to obtain nanostructured materials, with high specific area, which may be deposited on the film
surface to promote the compound release. It consists of propelling a stream of a polymeric solution when
submitted to an electrical field that accelerates and spins the stream while evaporating most of the solvent.
As a result, the polymeric material is deposited on a collector plate (Wang & Ryan, 2011). Figure 1 shows
a basic electrospinning setup. The electrospinning process gives rise to the deposition of polymer fibres,
which are elongated strands of polymer with high surface to volume ratio. If the jet is interrupted, depending
on the process conditions, electrospraying rather than electrospinning occurs, giving rise to the formation of
polymer beads (round or oval structures with lower surface to volume ratio than the fibres).

Syringe Spinneret Needle
(Solution container)

Taylor cone

Pump

Colléctor

+
High [ - TEEERRRR ,

Voltage

Figure 1 Basic electrospinning setup with main components and Taylor cone illustration.
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In previous studies, electrospinning has been used to incorporate active compounds into PLA matrices, in
order to develop active materials for food packaging. To this end, polymeric solutions with active compounds
were used to produce their encapsulation in the electrospun material (mats) after solvent evaporation under
the electric field (Tampau et al., 2020). The electrospun mats present a high surface area that enhances the
release of active compounds into the food matrices or simulants (Alonso-Gonzélez et al., 2020). The
properties of the polymeric solutions, such as surface tension, electrical conductivity or viscosity, determine
the stability of the operation and the viability of the electrospinning process. A stable cone formation of the
stream at the tip of the needle, known as the Taylor cone, is considered as an indicator of steady-state
process (Bhattacharjee & Rutledge, 2017). In order to reach operational stability, a number of variables must
be controlled, both related to the solution properties (solvent volatility, conductivity, viscosity or surface
tension) and the process conditions, such as flow rate, electric potential applied and needle-collector
distance (Castro Coelho et al., 2021). Tampau et al. (2020) studied the combination of several solvents to
obtain electrospun fibres of PLA, and found that volatile solvents, such as ethyl acetate (E), needed to be
combined with other less volatile solvents, such as DMSO (D) or acetic acid (A), to achieve a stable
electrospinning operation.

In this study, four kinds of PLA materials loaded with ferulic acid, with potential antibacterial properties, were
produced for food packaging applications. These were: a) cast films from ethyl acetate polymeric solutions
with different concentration of F, b) F-surface loaded thermoprocessed PLA fiims by adsorption from
concentrated solutions of the active compound, c) F-surface loaded thermoprocessed PLA films by
pulverisation with a concentrated F solution and d) electrospun PLA-F materials using PLA-F solutions with
different solvent systems. The final content of ferulic acid, as well as the morphological and antilisterial
properties of the different materials were analysed.

2. Materials and methods
2.1. Materials

Amorphous PLA 4060D (106 kDa MW, Nature Works, MN, USA) and ferulic acid (Sigma-Aldrich, St. Louis,
USA) were used to formulate active films. Ethyl acetate (Indukern, Barcelona, Spain), dimethyl sulfoxide
(DMSO), glacial acetic acid, methanol and ethanol 96% (obtained from Panreac Quimica, Barcelona, Spain)
were used as solvents. Tryptone soy broth (TSB), bacteriological agar, peptone water and Palcam agar base
(PAB) enriched with palcam selective supplement for Listeria were obtained from Scharlab (Barcelona,
Spain) and used for antibacterial tests. The bacterial strain, Listeria innocua (CECT 910), was supplied by
the Spanish Type Collection (CECT, University of Valencia, Spain).

2.2. Methods
2.2.1 Production of cast PLA films with ferulic acid

PLA films with incorporated F (0%-10% w/w in the film) were obtained by casting as described by Muller, et
al. (2017b). Film-forming solutions with 10% w/w solids were obtained in ethyl acetate by dissolving PLA
and F at different proportions (2, 3, 4, 5, 7 and 10 g F/100 g solids). The different solutions (40 g) were
poured onto 15 cm diameter Teflon levelled plates and left to dry overnight, at room temperature (20 °C).
Afterwards, the films, with about 250 um in thickness, were peeled from the plate.

2.2.2. Production of thermoprocessed PLA films

Pure PLA films were also obtained by thermocompression moulding using a heat plates hydraulic press
(LP20, Labtech Engineering, Thailand). Ground and dried PLA pellets (4 g) were placed into 15 cm circular
Teflon moulds in the press. An initial preheating step was applied for 4 min at 200 °C followed by a
compression step at 10 MPa and the same temperature for 4 min; finally, a cooling step lowered the
temperature to 70 °C in 3 min. Films of about 200 um in thickness were obtained.

2.2.3. Adsorption of ferulic acid on the thermoprocessed PLA films

F was adsorbed on the surface of thermoprocessed PLA films by immersion in three different F-saturated
solution systems, namely distilled water (0.1% w/w F), ethanol 10% v/v (0.1% w/w F) and ethanol 96% v/v
(11.2% w/w F). Film strips (1 x4.5 cm and 1+ 0.1 g) were immersed in the solutions and kept under magnetic
stirring at 150 rpm and 25 °C. The maximum immersion time was 96 h for water and 10% ethanol, and only
4 h for 96% ethanol, due to film deformation. The samples were removed from the F solutions at different
times, drained for 1 min and vacuum (0.1 atm) dried at 60 °C for 24-36 h until reaching constant weight. The
F content was determined spectrophotometrically (UV-visible spectrophotometer Thermoscientific Evolution
201, USA) after the methanolic extraction of dry films. To this end, the samples were immersed in 10 mL
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methanol and kept under magnetic stirring at room temperature (20 °C) for 72 h. The absorbance
measurements at 320nm were carried out after filtration and proper dilution. A previously determined F-
methanol calibration curve was used to quantify the F adsorbed on the film surface, and the results were
expressed as mg F/ g treated film. To determine the real superficial anchoring of F, some samples were
washed in their corresponding solvent before F was quantified and the resulting amounts were compared.

To study the F adsorption kinetics, the experimental results were fitted to the Peleg model (Peleg, 1988)
(Eq. 1).

_t
ki + k>t

M) = My+ (Eq. 1)

Where: M(t) is the mass of ferulic acid incorporated per mass unit of film at a given time (mg/g); M, is the
initial mass of F per mass unit of film (0 mg/g); tis the adsorption time (h); ki and k2 are model constants: k4
is inversely related to the release rate (1 / k4), while k2 is inversely related to the asymptotic adsorption value
(Moo= 1/k2).

A second batch of samples was prepared to evaluate the antimicrobial effect of PLA films with adsorbed F.
To this end, circular film samples (5.5 cm diameter) to cover the Petri dishes, were immersed in the 11.2%
F solution (solvent ethanol 96% v/v) for 30 min to reach a determined load of F, according to the kinetic
analyses.

2.2.4. Pulverisation of ferulic acid solutions on the thermoprocessed PLA films

Thermoprocessed PLA films were surface loaded by pulverisation of F solution on the film surface. Ethanol
was selected as the solvent for pulverisation due to its volatility and the high solubility of F. A saturated
solution of F in 96% (v/v) ethanol (11.2 g of F per 100 g of solution) was filtered and loaded in an airbrush
(E4182, Elite pro) container equipped with a 0.8 mm nozzle. The solution was sprayed on circular 5.5 cm
diameter PLA films for 5 seconds, at 7.83 mL/s airbrush flow. The pulverised film samples were vacuum
dried at 60 °C and 0.1 atm for 24-36 hours until reaching constant weight. The loaded amount of F on the
film surface was quantified gravimetrically.

2.2.5. Production of electrospun PLA-F materials

PLA materials loaded with F were also obtained by electrospinning. To this end, 15% w/w PLA solutions
with 15% w/w F with respect to total solids, were prepared. The PLA pellets were placed in the selected
solvent systems in hermetically sealed recipients and maintained under magnetic stirring at room
temperature (25 £ 1 °C) for 24 h to ensure complete dissolution, afterwards incorporating F. The selection
of the solvents was carried out by considering the adequate solubility of the polymer and the active
compound, their food contact properties and the adequate response of the solution to the electric field (stable
Taylor cone and jet formation). Based on these requirements, DMSO (D), ethyl acetate (E) and glacial acetic
acid (A) were selected and some of their mixtures were tested, based on previous studies (Tampau et al.,
2020). Ethyl acetate (E) is a good solvent for amorphous PLA, but its high degree of volatility (boiling point:
77 °C) prevents a steady electrospinning stream. Therefore, blends of E with less-volatile solvents were
used. E was mixed with DMSO (D, boiling point: 189 °C) in two volumetric ratios 1:1 and 3:2 (E:D). Acetic
acid (A, boiling point: 118 °C) was used both pure and in a 1:1 volume mixture with E. Hence, the polymeric
solutions of PLA and F were referred according to the solvent system used: ED1:1, ED3:2, EA1:1, and A1.

Process conditions

The electrospinning operation was carried out in Fluidnatek LE-10 (Bioinicia SA, Valencia, Spain) equipment,
using single flow monoaxial mode at 25+1 °C and 45% RH. 5 mL disposable syringes (BD Plastik) were
used to load the solutions into a PTFE tube connected to the spinneret with a 0.6 mm stainless-steel needle.
The stream was deposited on a stainless-steel collector covered with previously weighed aluminium foil.
Both needle and collector were connected to a high voltage source (0-30 kV). Relevant operation
parameters, such as flow rate, voltage and injector-collector distance, were adjusted empirically aiming for
the formation of a stable Taylor cone in the tip of the spinneret (Tampau et al., 2020). The operation time in
samples used for antimicrobial analyses was adjusted for each formulation in order to obtain a mass of mats
containing the target amount of ferulic acid. This target was defined as the amount of F necessary to reach
the minimal inhibitory concentration of the bacteria in the culture plate when coated with the obtained mat,
assuming a total release on the loaded F. The materials obtained were stored in desiccators with silica gel
at room temperature until their use.

Characterization of PLA-ferulic acid solutions
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The relevant properties for the electrospinning process of the PLA-F solutions with the different solvents
were characterised.

Density was determined, at 20 °C, in duplicate, with an immersion densimeter (Alla France).

Electrical conductivity was measured twice per formulation using a Mettler Toledo (Switzerland) SevenEasy
conductometer, at 20 °C.

Surface tension was assessed by the pendant drop method with an OCA 20 instrument (Dataphysics,
Germany) using software SCA 20, performing 9 repetitions per formulation, at 25 °C.

Rheological behaviour, at 25 °C, was measured in triplicate per formulation, using a rheometer (HAAKE
Rheostress 1, Thermo Electric Corporation, Germany) with a coaxial cylinder system (Z34DIN Ti), between
0 and 600 s'.

Encapsulation efficiency of ferulic acid

The content of ferulic acid in the mats was determined by methanolic extraction and UV-visible
spectrophotometry, as described above. The encapsulation efficiency was determined as the ratio between
the quantified amount of F, per mass unit of polymer in the mat, with respect to the used proportion in the
initial solution (0.176 g F/g PLA).

2.2.6. Microstructural observations

The materials obtained were observed using a field emission scanning electronic microscope (FESEM, Ultra
55, Zeiss, UK) at an acceleration voltage of 2 kV. The surface observations were carried out for all materials
while images of the film cross-section were taken for materials obtained by adsorption and pulverisation.
The images were obtained at 100x and 400x magnification level. Before observation, samples were
cryofractured by immersion in liquid nitrogen (only for cross-section observations), mounted on sample
holders with carbon tape and platinum coated (one coat). ImageJ software (v.153c, National Institute of
Health, Bethesda, USA) was used to measure the diameter of beads and fibres in the electrospun mats (60
measured elements per sample).

2.2.7. Antibacterial activity assessment

In vitro antibacterial activity with Listeria innocua was performed according to previous studies (Ordofiez et
al., 2021; Tampau et al., 2018). All materials, devices and previously prepared media were sterilised with
UV-light inside a laminar flow cabinet (Bio Il advance, Telstar, Spain). 10 mL of TSA were poured into 55
mm Petri dishes and inoculated with 100 uL of L. innocua bacterial suspension (10° CFU / mL) on the plate
surface using a L-form rod, aiming for an initial concentration of 10® CFU / mL. The TSA was covered with
films from the obtained materials; the Petri dishes were sealed with Parafilm™ and left to incubate at 10 °C
for 6 days. After this time, the TSA and samples were homogenised in 100 mL of buffered peptone water for
2 min, employing a masticator paddle blender (IUL Instruments, Barcelona, Spain). The serial dilutions were
plated and covered with Palcam Agar base previously enriched with Listeria selective supplement. After 48
hours at 37 °C incubation, the colonies were counted. Each material was tested in triplicate and all the
dilutions were plated and counted in duplicate.

2.3. Statistical analysis

Data statistics were evaluated through analysis of variance (ANOVA) using Statgraphics Centurion XVIII
software (Statgraphics Technologies, Inc. The Plains, Virginia). Fisher’s least significant difference was used
at a 95% confidence level, different superscripts in tables (2*°) indicate significant differences.

3. Results and discussion
3.1. Cast PLA films containing ferulic acid

Figure 2 shows images of the PLA and PLA-F films (2%-10% F in the film) obtained by casting. All the
formulations with F presented crystalline formations, which were visible to the naked eye. Figure 2 also
shows an optical microscope image of the F crystals in the cast films. These crystals exhibited similar
morphology to those observed by other authors (Paiva et al., 2013; Chen et al. 2020) for ferulic acid trans
isomer that tends to crystallise forming prolonged white crystalline aggregates. This crystallization can be
explained considering solubility of F in ethyl acetate and thermodynamic compatibility of both solutes (PLA
and F) in the solvent. Solubility of ferulic acid in ethyl acetate, as reported by Shakeel et al. (2017), is
1.98x1072 in mol fraction, at 318.2 K. This concentration would be achieved in the solvent when this
evaporates during the film formation. When saturation is reached, crystallisation of F could occur, but this
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process would be interfered by the polymer-F interactions and solute-solvent interactions, depending on the
thermodynamic compatibility of both solutes. Moreover, crystal growth will be affected by the solution
viscosity that increases during solvent evaporation. In fact, no visual crystals were observed in
thermoprocessed films of PLA with ferulic acid (Ordofiez et al., 2022), which could be attributed to the high
viscosity of the melt that inhibits the crystal growth. Both compounds formed homogenous solutions in ethyl
acetate at the used concentrations, but when saturation of F is reached due to the solvent evaporation, it
crystallises. Ferulic acid crystallisation demonstrates its thermodynamic incompatibility with PLA. Crystal
growth was enhanced due to the lower viscosity of the PLA solutions as compared with the PLA melt.

Despite the inadequacy of these materials for packaging purposes, they were proven to exert antibacterial
activity, since they contain growing amounts of active compound that could be released into the culture
media to differing extents, giving rise to varying levels of bacterial growth inhibition.
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. PLA

0% Ferulic-acid
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Figure 2: Cast PLA and PLA-F films (2%-10% w/w F in the film). The bottom left picture shows crystalline
formations of ferulic acid in the films as observed through an optical microscope (10X).

3.2. Thermoprocessed PLA films with adsorbed ferulic acid

Ferulic acid surface adsorption was successfully achieved, and F crystals were formed on the surface of the
film samples immersed in all three F solutions, both with and without washing the films with their
corresponding solvent. Figure 3 shows the experimental values of F adsorbed on the PLA surface (mg F/g
film) as a function of the immersion time. The low solubility of F in water, due to its limited capacity to form
hydrogen bonds (Mota et al., 2008), and the subsequent low concentration of F in the saturated solution,
limited the adsorption of the acid molecules on the PLA films from the aqueous systems. In the 10% ethanol
solution, only 0.27 mg F/ g film were adsorbed after 24 h immersion, with no significant increase throughout
time, despite the similar mass fraction of F determined in water and 10% ethanol saturated solutions (~0.1%
w/w, at room temperature). The lower adsorption of F when using 10% ethanol can be due to the change in
the balance of interaction forces of compound-solvent and compound-PLA surface. The chemical affinity of
F with ethanol solution is greater than that with water, and interactions with PLA could also change due to
the structural modifications that ethanol provokes in the PLA matrix (swelling and matrix relaxation), as
reported by other authors (Jamshidian et al., 2012). On the basis of these results, the 10% ethanolic system
was excluded from further study. In pure water, a small but steady increase in the F adsorbed on the films
was achieved, this being 0.76 mg/g after 96 hours. On the other hand, the samples immersed in 96% ethanol,
with 11.2% F, presented remarkably higher values of adsorbed F, reaching 63 mg/g after an immersion of
only 15 min. The highest concentration of F in the solution implied this compound had a high gradient of
chemical potential between the solution and the film surface, hence representing a great driving force for the
adsorption process. However, after 4 hours of immersion, the film strips started to deform, which was
attributed to the ethanol diffusion into the matrix, promoting polymer relaxation and swelling and even partial
degradation, as reported by other authors in the case of the PLA films in contact with ethanol rich aqueous
solvents (Jamshidian et al., 2012).
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To assess the real anchoring of ferulic acid on the surface of the films, a set of samples was washed with
the corresponding solvent after the adsorption process. While the samples immersed in water lost about
84% of F by washing, those immersed in 96% ethanol only lost 55% of the initially retained acid. Apart from
confirming the differences between the adsorption media used, this result suggests that most of the F
molecules are attached to the film’s surface by weak interactions (hydrophobic interactions and hydrogen
bonds), thus allowing an effortless release. When using 96% ethanol, more internal diffusion of F from the
PLA surface could occur, due to the swelling and relaxation of the polymer matrix in contact with the solvent,
which promotes diffusion-controlled mass transfer into the film. Thus, the more internally located F molecules
were not dragged by the washing solvent.
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Figure 3 Adsorbed amounts (mean values and standard deviation) of ferulic acid (mg/g film) on the PLA
films, as a function of time, with the different solution systems (distilled water with 0.1% F, 10% v/v ethanol
with 0.1% F and 96% v/v ethanol with 11.2% F). The continuous lines represent the fitted Peleg model.

The Peleg equation was used to model the adsorption kinetics of F from both water and 96% ethanol
solutions and to determine the immersion time needed to prepare samples for the antimicrobial tests with a
determined F load. The resulting parameters are shown in Table 1 and the corresponding predictions are
represented in Figure 3.

Table 1 The Peleg model’s kinetic parameters for ferulic acid adsorption on PLA films during immersion in
F saturated solutions in water and 96% ethanol.

Parameter Water 96%
Ethanol

ki (h- g-mg") 15.4 4-10*

k2 (g/mg) 1.09 0.012

M.(mg/g) 0.912 80.6

R? 0.956 0.992
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Despite the highly variable nature of the experimental data, which could be attributed to a heterogenous film
drainage, the high values of R? demonstrate the good fit of the Peleg model. Given the high adsorption rate
of F in the 96% ethanolic system, ki (inversely related to the process rate) was a great deal lower for this
series. The resulting asymptotic values of F adsorption (M.) are inversely related to k2. Coherently with the
experimental data, M. was two orders of magnitude higher for the 96% ethanolic system than for the water
system. Reaching 90% of M.. took 72 h for the samples immersed in the water, while only 8 h were necessary
in the 96% ethanol. Due to the small amount of F adsorbed from the aqueous solution, these samples were
discarded for both antimicrobial testing and further characterisation. For the samples immersed in the 96%
ethanol, an immersion time of 30 min (when 66% of M.. had been reached) was fixed to prepare film samples
destined for antibacterial tests, reaching a compromise between the adsorption of F on the film surface and
the lower degree of film deformation.

3.3. Thermoprocessed PLA films with pulverised ferulic acid

Spraying PLA films with ethanolic ferulic acid solution (11.2% w/w) led to the formation of a uniform layer of
firmly adhered F crystals when dried. This method was more effective than adsorption at loading PLA films,
since the incorporation of F reached 10% w/w F in the film, while consuming less solvent and time. FESEM
observations were carried out to compare the microstructure of the ferulic-loaded film surface obtained by
ethanolic adsorption and pulverisation, with F crystalline formations (Figure 4). The needle-like morphology
of the crystals, as reported by Chen et al. (2020) for ferulic acid agglomerates, was observed in both cases.
Nevertheless, crystalline formations in the adsorption films were broader and shorter than those obtained by
pulverisation, which could be related to the different crystallisation kinetics and internal diffusion of F
molecules that occurred in each case, with different process times. Crystallisation of F on the surface of
pulverised films points to a very limited internal diffusion of F into PLA matrix during the process. In fact,
FESEM images of the cross-section of the films (Figure 4) did not reveal the internal diffusion of F, but its
accumulation as crystals on the surface due to the fast evaporation of the ethanol. Diffusion times are longer
than solvent evaporation times and so, the solute separates from the solvent as adhered crystals on the film
surface. Therefore, most of the F anchoring occurred on the film surface as crystalline formations. This
structural arrangement suggests that F would be easily and almost totally released when the films are put in
contact with any food or culture media, where it can be solved, thus promoting the antimicrobial activity.
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Figure 4 FESEM images of ferulic acid incorporated on the surface of PLA films using 96% ethanol
solutions through adsorption (left) or pulverisation (right), at 100X and 400X. In the third row the film cross
section is shown, exhibiting the F crystals on the top surface. The scale bars correspond to 100, 20 and 10
um for first, second and third rows respectively.

3.4. Electrospun PLA-Ferulic acid materials

The most relevant properties of the PLA-F solutions (density, electrical conductivity, viscosity and surface
tension) affecting the electrospinning process (both regarding its feasibility and the final structure of the
electrospun materials) were analysed and are shown in Table 2, along with the different solvent systems
used. The density of all the solutions was close to 1 g/cm?, and Newtonian behaviour was found in every
case with relatively small differences in viscosity. A1 was the densest and most viscous solution. Density,
viscosity and surface tension were reduced when the proportion of ethyl acetate rose in the solvent systems,
in coherence with the properties of the pure solvents (Smallwood, 1996). The solvent mixtures containing
DMSO exhibited significantly higher values of electrical conductivity due to the higher value of the relative
dielectric constant of DMSO (s=46), as compared to those of ethyl acetate and acetic acid (¢ about 6)
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(Smallwood, 1996). The morphology of the electrospun material is greatly affected by the properties of the
solution, such as its viscosity, surface tension, electrical conductivity and surface charge density, as well as
by the processing parameters (voltage, flow rate and collector distance) (Li & Wang, 2013). For low viscosity
solutions, the surface tension is the controlling factor which determines whether beads or beaded fibres are
formed (Shastri et al., 2009). By reducing the surface tension, for a determined concentration of the solution,
beaded fibres can be converted into smooth fibres. Likewise, an increase in the electrical conductivity of the
solution favours the formation of thinner fibres thus increasing the surface-to-volume ratio of the formed
structures(Agrahari et al., 2017; Garg & Bowlin, 2011). Given that the electrical conductivity is the property
with the highest differences between the studied solutions, it could be the factor determining the
morphological differences between the electrospun samples.

Table 2. Properties of the PLA-F solutions (15 g PLA /100 g solution, 15 g F / 100 g solids) used in
electrospinning processes with different solvents systems: ethyl acetate (E), DMSO (D) and glacial acetic
acid (A) at different volumetric proportions.

Conductivity Surface Viscosity
Solution Density (g/cm?3) tension
(uS/cm) (mN/m) (Pa-s)
ED1:1 1.046+0.001°¢ 3.0840.08°  31.0+1.4° 0.982+0.004°
ED3:2 1.027+0.001° 2.60+0.09°  28.2+0.8" 0.840+0.030°
EA1:1 1.020+0.0022 0.07+0.017  25.2+0.37 0.723+0.0192
A1 1.085+0.002¢ 0.08+0.012  25.0+0.4* 1.263+0.016¢

Different superscripts #¢ indicate significant differences (p<0.05)

Successful operating conditions were obtained for the four solvent combinations (Table 3). The initial values
of these operating conditions were based on previous studies into PLA using similar solvent systems
(Tampau et al., 2020), and were empirically adjusted until a stable Taylor cone was observed. The solvents
containing acetic acid (A) required a slightly lower voltage, and a stable Taylor cone could only be achieved
at shorter distances to the collector. For the EA 1:1 solvent, the volumetric flow had to be increased. The
process time was adjusted to prepare the samples destined for microbiological testing. The purpose was to
obtain mats which were thick enough to reach the same target concentration of F in the sample (about 0.45
mg/cm?), which would imply about 1.1 mg of ferulic acid /mL of culture medium, when put in contact with the
culture plate in the antimicrobial assays, assuming a total release.

Table 3. The electrospinning operation parameters and morphological dimensions of the nanomaterials
obtained using different PLA and ferulic acid polymeric solutions (15 g PLA / 100 g solution, 15g F /100 g
solids) with different solvents: ethyl acetate (E), DMSO (D) and acetic acid (A) in different volumetric
proportions.

Electrospinning operation parameters Nanomaterial dimensions |
Flow rate Collector Processing Voltage Fibre
. . . B H
Formulation (L/h) distance time (min) (KV) diameter ead(d:;neter
(cm) (um) H
EA1:1 2500 15 75 10-13 0.60+0.162 2516b
A1 1250 15 150 10-13 | 9 4440 15° 19452

Different superscripts #¢ indicate significant differences (p<0.05)

Significant structural differences of the electrospun materials could be appreciated at a macroscopic scale.
Solvent systems containing DMSO (ED1:1 and ED3:2) gave rise to fibrous mats, while those with acetic acid
(EA1:1 and A1) yielded an electro-sprayed powdered layer, which was corroborated by FESEM analyses
(Figure 5). Table 3 shows the results of image analysis in order to quantify the characteristic diameters of
fibres and beads. As can be observed, solvent mixtures with DMSO (ED1:1 and ED3:2) produced continuous
nano-fibre structures, whose diameter was reduced when the DMSO content decreased in the solvent
mixture. On the other hand, the structure of the samples produced with acetic acid mixtures (EA1:1 and A1)
consists of beads connected with thinner fibres, where most of the material is concentrated in the beads.
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When pure acetic acid was used, the diameters of both beads and fibres were smaller than those obtained
in the EA1:1 solvent. These structural differences may be related to the differences between the electrical
conductivity of the formulations. The greater conductivity of the systems with DMSO would give rise to a
higher acceleration of the stream and the maintenance of a continuous flow before reaching the collector
plate (Agrahari et al., 2017), thus promoting fibre formation.
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Figure 5 FESEM images of electrospun PLA nanomaterials containing ferulic acid, at 400X and 1000X
magnification levels (bars correspond to 20 and 10 um, respectively), obtained with the different solvent

systems.




405
406

407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425

426
427
428
429

430
431

432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447

448
449

3.5. Ferulic acid content in the materials obtained

The F content of the different materials determined by methanolic extraction and spectrophotometric
quantification is shown in Table 4, expressed as g of F per 100 g of material. The encapsulation efficiency
(mass of F quantified in the material with respect to the nominally incorporated, in percentage) was also
shown in Table 4. All the cast films exhibited high encapsulation efficiency (97%-100%) while the lowest
value was obtained for some electrospun materials (84%-86%), which indicates that a small proportion of
the initially incorporated F could be oxidised during the electrospinning process. Nevertheless, electrospun
materials had the highest F content per gram of material, close to the amount incorporated into the solution
(15% of total solids). In the case of the superficial incorporation of F, the pulverisation procedure proved to
be more efficient than adsorption. This was due not only to the fact that more F was incorporated with lower
solvent and time requirements, but also to the lack of film deformation that occurred during immersion in the
adsorption process. Nevertheless, the different distribution of F in the different samples (inside the PLA
matrix in cast films or electrospun mats and on the film surface in samples prepared by adsorption or
pulverisation) could imply a variation in the antimicrobial activity of the films, depending on the amount of
active released into the inoculated culture medium. Table 5 shows the estimated theoretical concentration
of F that would be reached in the culture medium, assuming its complete release from the PLA matrices
coating the plates. A wide range of theoretical concentrations can be seen, the electrospun samples
providing the media with the lowest concentration, due to their lower thickness. Nevertheless, the real
amount of active released in each case would be related with the antibacterial effect observed in the in vitro
test.

Table 4 Ferulic acid content in the different PLA materials, encapsulation efficiency (% ratio with respect to
that nominally incorporated), theoretical F concentration (TFC) in the culture medium, assuming a
complete release from the different PLA materials, and growth inhibition of L innocua, with respect to the
uncovered control samples, obtained in the in vitro tests with the different PLA materials.

Formulation F content Encapsulation TFC (mg/mL) Growth
(% wiw) efficiency (%) inhibition (Log
CFU/mL)

Casting - F2 1.96+0.042 97.0+2.02 1.05 0.01£0.022
Casting - F3 3.00+0.02° 99.9+1.02 1.58 0.07+0.05?2
Casting - F5 4.90+0.11¢ 98.2+2.22 2.63 0.01+0.072
Casting - F10  9.80+0.30° 97.9+2.82 5.26 0.25+0.792
Adsorption 6.4+1.09 - 2.49 4.30+0.31¢
Pulverisation 10,0%1.5¢ - 3.87 4.11+0.42°
ES-ED1:1 14.4+1.29 96472 1.02 2.99+0.81°
ES-ED3:2 12.9+0.7f 86+5P° 0.92 3.26+0.33°
ES-EA1:1 12.6+0.5f 84+3P 0.90 0.05+0.042
ES-A1 12.940.3f 86+2° 0.92 0.03+0.062

Different superscripts #¢ indicate significant differences (p<0.05)
3.6. Antimicrobial activity of the materials obtained

Figure 6 shows the bacterial counts for L. innocua obtained in the in vitro tests with the different F loaded
PLA materials, while the different growth inhibition values for the different PLA samples, with respect to the
uncoated plate, can be observed in Table 4. According to a previous study, the Minimum Inhibitory
Concentration (MIC) of ferulic acid for L. innocua is 0.7 mg/mL (Ordofiez et al., 2021), which would be
surpassed in all cases provided the release of the acid from the materials into the culture media is complete.
However, only in four cases did the materials reach 2 Log CFU/mL growth inhibition and, hence, an efficient
antibacterial activity (Requena et al., 2019): these were those obtained by F adsorption or pulverisation and
electrospun materials obtained with DMSO solvent systems (ED1:1 and ED3:2) that were fibre structured.
Despite the high concentration of F that could be theoretically reached in the culture media with a total
release of F from cast films (up to 5.26 mg/mL in the cast film with 10% F), no significant growth inhibition
occurred for these materials. The ineffectiveness of these films against L. innocua revealed no release of
ferulic acid from the films regardless of their concentration. This was also observed in a previous study with
thermoprocessed PLA films incorporating ferulic and cinnamic acids (Ordofiez et al., 2022). The glassy state
of the polymer and the lack of swelling and relaxation when in contact with the aqueous culture media limited
the molecular mobility and diffusion of ferulic molecules through the film matrix and only the most superficial
amount of the compound was released to exert its antimicrobial power.

The active films obtained by the adsorption and pulverisation of F solutions, where the active compound was
mainly incorporated onto the film surface, could easily release the active compound in contact with the
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culture medium, thus being the most effective at inhibiting the growth of L. innocua. These films exhibited
similar antimicrobial power given the excess amount of F present on the film surface, thus easily releasing
the acid and provoking a bacteriostatic effect.

Electrospun materials contained about 14% ferulic acid. However, the plate-covering materials were very
thin, with just enough electrospun material to reach the MIC of ferulic acid on the plate, assuming a complete
release. The effectiveness of electrospun materials was dependent on their morphology. Materials obtained
from DMSO mixture solutions, having a fibre structure, exhibited a significant bacterial growth inhibition
whereas the mainly bead-structured mats showed no antibacterial effect. This could be explained by the
higher specific surface area of the fibres (Alonso-Gonzalez et al., 2020) that can release the active
compound near the surface more effectively, reaching F concentration values closer to the MIC of bacteria
in the culture medium. In contrast, acetic acid-based materials with bead structures (with lower
surface/volume ratio) did not have enough ferulic acid near the surface to reach the MIC values and to inhibit
the bacterial growth.

The results obtained reveal that the release of ferulic acid is greatly hindered when loaded in PLA matrices,
the only possibility of enhancing the compound delivery being its surface retention. Therefore, it is the
location of the active compound in the material, and not its global concentration, that limits the obtaining of
antimicrobial materials with ferulic acid and PLA.
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Figure 6 Listeria innocua counts (mean value and standard deviation) after 6 days of incubation at 10 °C
for samples in contact with PLA-based materials loaded with ferulic acid (cast films with different content of
ferulic acid, thermoprocessed films surface-loaded with ferulic acid by adsorption or pulverisation, and
electrospun (ES) materials with the different solvents ED1:1, ED3:2, EA1:1 and A1). The control bar shows
mean growth for uncoated samples and the dotted line represents the initial inoculation.

Conclusions

Ferulic acid delivery from PLA matrices is greatly hindered due to the limited diffusion of the compound
through the matrix. Increase of ferulic loading did not provide the PLA matrices with compound delivery
capacity. Therefore, surface anchoring of the compound was the alternative method to obtain active PLA
materials with effective release of ferulic acid and antibacterial activity. This could be achieved by surface
adsorption from ferulic acid solutions or pulverisation of the solutions on the film surface. The adsorption
time and concentration of active compound in the solution must be fitted in order to obtain the target surface
concentration necessary to inhibit the bacterial growth, when delivered to the culture medium (or food).

Electrospun PLA materials loaded with ferulic acid can also be used as ferulic delivery systems, when the
process conditions and the properties of the solvent system promote fibre formation with high surface/volume
ratio. These fibres contain enough amount of the compound easily deliverable near the surface to reach the
minimal inhibitory concentration of the bacteria. These electrospun mats can be applied to obtain active food
packaging materials or others useful for biomedical applications, such as wound dressing or scaffolds for
neuronal tissue engineering, given the active properties of the compound.
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