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The exploration into biopolymer applications has experienced fast growth in recent years due to the ever-
growing environmental and societal demand for a greener and safer environment. In this study, fish gelatin-
based films with fructose and different choline-based ionic liquids, such as choline dihydrogen phosphate,
choline acetate, and choline serinate, were prepared to assess the effect of Maillard reaction and the inluence of
the ionic liquids on the film properties. Overall, the presence of physical and chemical interactions enhanced

UV-Vis light absorption capacity, reduced the solubility, improved film flexibility and conductivity. These
changes were related to the formation of Maillard reaction products, the plasticising effect of ionic liquids and
the increase in ionic mobile species associated with the ionic liquids within the films. This study shows the
possibility of tailoring the properties of bio-based materials via Maillard reaction and the addition of ionic

liquids.

1. Introduction

In recent years, the exploration into biopolymer applications is
experiencing fast growth with the main aim of replacing the synthetic
and non-biodegradable polymers obtained from finite petroleum re-
sources, a transition stemmed from the ever-growing societal demand
for a more sustainable and safer environment [1]. Biopolymers are
biodegradable, biocompatible and environmentally friendly, and they
possess tunable physicochemical properties which make these materials
attractive and promising for the replacement of conventional polymers
in many applications, for instance, food, medical and pharmaceutical-
related use [2]. Among them, fish gelatin has been considered a prom-
ising biopolymer for the development of sustainable materials.

Fish gelatin, a protein obtained from the hydrolysis of collagen, is
extracted from marine waste and so, it is a renewable, economical and
abundant biopolymer. In addition, this protein has excellent film-
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forming capacity, transparency and barrier properties to both UV light
and oxygen [3]. However, some characteristics, such as stability in
contact with aqueous liquids and mechanical properties, are to be
improved to extend the applicability of the material [4]. Different
strategies have been employed to modify/tailor the properties of gelatin.
For instance, the use of additives such as plasticizers (glycerol is the
most employed one), bio-nano-reinforcements (mainly made of cellu-
lose), crosslinkers and, more recently, ionic liquids (ILs), has been re-
ported [5-7].

The use of crosslinkers is necessary to improve the stability of hy-
drophilic materials in aqueous solutions. Therefore, their employment
has become essential to improve gelatin-based materials’ behaviour
when they are in contact with water. Among crosslinkers, glutaralde-
hyde (cytotoxic issues), genipin (less toxic than aldehydes), photo-
crosslinkers (e.g. riboflavin or vitamin B,) and sugars (e.g. ribose,
fructose, lactose) have been used as crosslinking agents for their ability
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Table 1

Nomenclature used to identify the gelatin-based films prepared in this study as a
function of added ionic liquid (ChDHP, ChSer, ChAc), pH (5.4, 10) and heat
treatment (non-heated (NH), heat-treated HT).

Films ILs pH
C5.4 NH - 5.4
C10 NH - 10
ChDHP NH [Ch][DHP] 5.4
ChSer NH [Ch][Ser] 10
ChAc NH [Chl[Ac] 10
C5.4 HT - 5.4
C10 HT - 10
ChDHP HT [Ch][DHP] 5.4
ChSer HT [Ch][Ser] 10
ChAc HT [Ch][Ac] 10

to react with gelatin [8-10]. In the case of sugars, their interactions with
proteins occur through a process called Maillard reaction (MR), a non-
enzymatic browning reaction that chemically links protein chains
[11,12].

Other agents that also can interact with gelatin are ILs. ILs are
completely composed of ions and so, the interactions between proteins
and ILs may occur via different anionic, cationic, hydrophobic, and
polar interactions from each amino acid of a protein backbone with the
cation and anion available in the ILs [5,13]. By appropriate selection of
different combinations of anions and cations, the physicochemical
properties (e.g., elongation at break, hydrophobicity and solubility), as
well as electrical characteristics (e.g. ionic conductivity) of IL-
containing biopolymers can be tailored [14-16]. Among ILs, choline
[Ch]-based ILs have received the most attention in recent years, since
they possess beneficial properties such as non-toxicity and biodegrad-
ability [17].

In contrast to what has been evaluated so far, where MR [8,11,12]
and the addition of ILs [5,15] on gelatin films have been studied sepa-
rately, in this work, the effect of the addition of fructose and/or different
[Ch]-based ILs on the physical and chemical crosslinking of gelatin-
based films and, thus, on their final properties has been assessed. For
that, optical, barrier, physicochemical, morphological, mechanical,
antimicrobial and cytotoxicity properties have been studied to under-
stand the additives’ effect on films’ properties for different applications.
As far as the authors know, no previous research has investigated the
combined effect of Maillard reaction and [Ch]-based ILs addition on
gelatin films’ properties which could open up new paths for tailoring
bio-based materials for wider and unexplored applications.

2. Materials and methods
2.1. Materials

Type A fish gelatin (Weishardt International), with 200 Bloom (gel
strength), 11.06 % moisture and 0.147 % ash content, was used as a
matrix. D(—)-fructose (VWR Chemicals BDH®, USA) was employed as a
crosslinker. Various ILs (Fig. S1), such as choline dihydrogen phosphate
[Ch][DHP] (> 98 %, powder), choline acetate [Ch][Ac] (> 98 %,
powder) and choline serinate [Ch][Ser] (> 95 %, yellowish liquid, 60 %
in Hy0) were supplied by Ionic Liquids Technologies GmbH and, were
used to modify films’ functionalities. NaOH 1 M was used to modify the
pH of the film forming solutions and distilled water was used as a
solvent.

2.2. Film preparation

Films were prepared via the solution-casting method. First, 2.5 g
gelatin and 20 wt% of fructose (on a gelatin dry weight basis) were
dissolved in 50 mL water at 60 °C and 250 rpm for 30 min. Then, 10 wt%
of IL (on a gelatin dry weight basis) was added and the pH of the solution
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was modified to 10 in [Ch][Ac]- and [Ch][Ser]-containing solutions to
foster the MR while pH (5.4) was not changed in [Ch][DHP]-containing
solution to avoid [Ch][DHP] precipitating while film drying. The
resulting solutions were maintained at 60 °C for 30 min under stirring
before 4.5 g of the solutions were poured into Petri dishes (¢ 60 mm),
which were then left to dry at 37 °C for 24 h in an oven (VENTICELL ECO
line, MMM Group, Germany). Finally, the films were peeled off and
some of them were heated at 80 °C for 24 h to obtain heat-treated (HT)
films. Non-heated films were designated as NH films. Control films (C)
were also prepared following the above-mentioned procedure at both
pHs (5.4 and 10) but without the addition of ILs. The designation of the
films is summarized in Table 1. Films with an average thickness of 87 pm
were obtained.

2.3. Film characterization

2.3.1. Optical and barrier properties

The colour of the films was determined with the CR-400 Minolta
Chroma Meter colourimeter (Konika Minolta, Spain). Films were placed
on the surface of a white standard plate (calibration values: L* = 97.39,
a* = 0.03, b* = 1.77) and colour parameters were measured using the
CIELAB colour scale: L* = 0 (black) to L* = 100 (white), —a* (greenness)
to +a* (redness), and -b* (blueness) to +b* (yellowness). Fifteen mea-
surements (n = 15) were taken for each composition.

Light barrier properties of the films were assessed using a UV Mul-
tiskan ultraviolet-visible (UV-Vis) spectrophotometer (SkyHigh, Spain).
The light absorbance of films from 200 to 800 nm was measured. Three
specimens were tested for each composition (n = 3).

Water vapour permeability of the films was measured using a
PERME™ W3/0120 instrument (Labthink, China) to determine WVP
gravimetrically (n = 2) at 38 °C and 90 % relative humidity, according to
ASTM E96-00. Water vapour permeability (WVP) was determined using

Eq. 1:
g G
mzoday>7t><A )

WVTR (

where G is the weight change, t is time and A is the test area.

2.3.2. Vibrational spectra, crystallinity and morphological evaluation

Gelatin films were assessed using Fourier transform infrared (FTIR)
spectroscopy (Bruker ALPHA II FTIR spectrometer, Spain), equipped
with attenuated total reflectance (ATR) crystal. A total of 32 scans were
performed at 4 cm™! resolution and the measurements were recorded
between 4000 and 750 cm . Three measurements (n = 3) were taken
for each composition.

The amorphous/crystalline character of gelatin films was assessed
using Xpert Pro X-ray diffraction (XRD) equipment (PANalytic, Spain)
with Cu-Ka (A = 1.5418 10\) as a radiation source. The analysis was
carried out at 40 kV and 40 mA from 20 = 5 to 50°.

The film microstructure was assessed using a Hitachi S-4800 scan-
ning electron microscope (SEM Hitachi, Spain) with an acceleration
voltage of 5.0 kV to visualise the film surface and cross-section. For that,
the films were cut, placed on a metallic stub, and coated with gold under
vacuum in an argon atmosphere.

2.3.3. Mechanical properties

Tensile tests were carried out to measure the tensile strength (TS)
and elongation at break (EB) of the films with a Texturometre TA.XT
plusC (Stable Microsystems, Spain), according to ASTM D882-02. Films
were cut into bone-shaped samples (4.75 mm x 22.25 mm), and the
tensile test was conducted with a load cell of 50 N and a crosshead rate of
5 mm/min. Four samples were measured for each system (n = 4).

2.3.4. Electrical properties
To determine the electrical conductivity of the films, first, the sam-
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Fig. 1. L*, a* and b* colour parameters of gelatin films as a function of pH (5.4 and 10), the addition of ionic liquids ([Ch][DHP], [Ch][Ser] and [Ch][Ac]) and heat
treatment (non-heated (NH) and heat-treated (HT)). Means that do not share a letter (a, b, ¢) are significantly (p < 0.05) different (n = 15).

ples were coated with Polaron sputter coater SC502 of gold on both sides
on 5 mm diameter electrodes in a parallel configuration and then, the
characteristic I—V curves were obtained using a Keithley 487 picoam-
meter/voltage source (Keithley, Spain) at room temperature with an
applied voltage between +10 V. Eq. 2 was used to calculate the con-
ductivity of the films:

S d
° (R) “RxA 2
where d is the thickness, R is the resistance of the sample and A is the
electrode area.

The bending response of the actuators was evaluated using an Agi-
lent 33220 A function generator and a PicoScope 4227 oscilloscope in
samples with dimensions of 12 mm x 2 mm x 87 pm. Previous to the
measure, gold electrodes with dimensions 12 mm x 2 mm were
deposited on both sides of the sample by sputtering technique with a
Polaron coater SC502 system. A square-wave signal with a peak voltage
of 10Vpp was applied at a frequency of 100 mHz to the coated strip
samples. After analysing all samples, as ChAc10HT showed the highest
electrical conductivity, films with different [Ch][Ac] concentrations
(10, 20 and 40 wt%) were also prepared to assess the bending response
dependence on sample conductivity.

2.3.5. Solubility and water uptake

Solubility and water uptake properties of films (2 cm x 2 cm) were
measured by immersing the previously weighed films (Wy) into water
(7.5 mL) at 23 & 2 °C for 24 h. Then, the wet films were taken out from
the water, reweighed (W,,) and left to dry at 37 °C for 24 h before car-
rying out the final weighing of the dry films (W¢). Three specimens (n =
3) of each film were tested. The solubility (S) and water uptake (WU) of
films were calculated using Eq. 3 and Eq. 4 respectively:

Wo — We

[}

S (%) = x 100 3

W,, — W

0

WU (%) = x 100 4
After immersion, to analyse the release of components from the
films, water was analysed using various techniques: i) UV-Vis spec-
troscopy from 200 to 600 nm, ii) conductivity (Universal Multi-
Parameter Handheld ProfiLine Multi 3320 - WTW, Germany), and iii)
pH meter (HI 5221, Hanna, Woonsocket, USA). Three measurements (n
= 3) were carried out for each technique and film composition.
Additionally, the previously weighed films (W,) were immersed in
PBS at 37 °C for 24 h. Then, wet films were taken out from PBS, rinsed 3
times in chilled distilled water (4 °C) and left to dry at 37 °C for 24 h
before reweighing (Wg). Three specimens (n = 3) of each film were

tested. The solubility (S) of films in PBS was also calculated using Eq. 3.

2.3.6. Antimicrobial activity

The antimicrobial activity of films was evaluated using a modified
version of the standard shake flask method (ASTM-E2149-01). Gram-
positive Staphylococcus aureus (S. aureus, ATCC 25923) and Gram-
negative Escherichia coli (E. coli, ATCC 25922), purchased from Amer-
ican Type Culture Collection (LGC Standards S.L.U, Spain), were used in
the microbial assay. Two bacterial pre-inoculums were obtained by
resuspending a single colony from the matching stock bacterial culture
in nutrient broth (NB) and culturing it overnight at 37 °C and 110 rpm.
Then, bacterial cells in the pre-inoculums were harvested twice by
centrifugation at 5000 rpm for 5 min and resuspended in a 0.9 % NaCl
(w/v) solution. The culture’s optical density (OD) was measured at 600
nm and adjusted to 0.1, yielding a workable inoculum of approximately
1 x 10° CFU/mL. Simultaneously, pieces of the samples (1 cm x 1 cm x
87 pm) were sterilized with UV light. The bacterial solution and samples
were placed in contact at 37 °C and 200 rpm for 2 h. Finally, the
resulting suspensions were serially diluted in sterile 0.9 % NaCl (w/v)
solution, plated on plate count NB agar and incubated at 37 °C for 24 h
to assess the number of bacteria that survived. This method allows
quantitative data for calculating the decrease in the number of colonies
formed by comparison with free-floating bacteria under control condi-
tions (without material).

2.3.7. Citotoxicity

The cytotoxicity of PBS-non-soluble films (ChSerl0OHT and
ChAc10HT) was evaluated following the ISO10993-5 standard test
method, using the fibroblast L929 cell line. L929 fibroblasts were
cultured in a 75 cm? cell culture flask using a culture media containing
4.5 g/L glucose supplemented with 10 % Fetal Bovine Serum (FBS,
Biochrom) and 1 % Penicillin/Streptomycin (P/S, Biochrom). The flask
was incubated at 37 °C and 5 % CO; in a humidified atmosphere. The
culture media was changed every two days till the confluence reached
60-70 % and, finally, cells were collected using trypsin-EDTA
(Biochrom).

To perform the cytotoxicity assessment, 13 mm diameter circles of
each system were previously cut and sterilized (UV light for 30 min on
each side). Then, samples were placed in a 24-well tissue culture plate
containing the previously specified culture media and cultured for 24 h
at the same temperature and humidity conditions previously mentioned.
Furthermore, as negative and positive controls, 20 % (v/v) dimethyl
sulfoxide (DMSO, Sigma Aldrich, Portugal) and cell culture media
without samples were utilized. Simultaneously, L929 cells were plated
in a 96-well tissue culture plate at a density of 3 x 10* cells/mL and
cultured in the same conditions for 24 h. Then, the culture media on the
96-well plate was substituted with the medium in contact with the
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Fig. 2. UV-Vis spectra for A) non-heated (NH) and B) heat-treated (HT) gelatin films as a function of pH (5.4 and 10) and addition of ionic liquids ([Ch][DHP], [Ch]

[Ser] and [Ch][Ac]) (n = 3).

samples, and the plate was left to incubate for 72 h. At that time, the
indirect cell viability was evaluated using a 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay. After removing the
media, a fresh medium containing 10 % MTT solution was added and
incubated for 3 h. The produced MTT crystals were dissolved in DMSO,
and the optical density at 570 nm was determined using a microplate
reader (Biotech Synergy HT, Winooski, VT, USA). The MTT test mea-
sures live cells by converting MTT into a purple-coloured formazan
crystal that is dissolved in DMSO.

2.4. Statistical analysis

Data were subjected to a one-way analysis of variance (ANOVA)
through an SPSS computer program (SPSS Statistic 25.0). Post hoc
multiple comparisons were determined by Tukey’s test with the level of
significance set at p < 0.05.

3. Results and discussion
3.1. Optical and barrier properties

The colour of the films was measured to assess the effect of IL
addition, pH and heat treatment on the film appearance (Fig. 1). Neither
the increase in pH (from 5.4 to 10) nor the addition of [Ch][DHP] and
[Ch][Ac] ILs had a significant effect on NH films’ colour. The addition of
[Ch][Ser] decreased the a* and increased the b* parameters, making
films greener and yellower due to the yellow colour of [Ch][Ser] ionic
liquid solution. Regarding the heat treatment, the control films (C5.4 HT
and C10 HT) became more yellowish/brownish. The development of
pale and dark colours in heated control films is the visible result of the
Maillard reaction (MR). As for the addition of ILs in HT films, with the
presence of [Ch][DHP] and [Ch][Ac], b* increased further than in HT
control films, while L* decreased. Regarding [Ch][Ser]-containing films,
IL addition further decreased L*, while a* and b* values notably
increased. These results indicated that higher browning occurred in the
presence of ILs, especially when [Ch][Ser] was added. As the cross-
linking extension can be indirectly assessed through colour measure-
ments [18], the higher browning in ChSer HT samples could be
indicative of a higher crosslinking degree in [Ch][Ser]-containing HT
films than in the other HT samples, which may be attributed to the
greater interaction with ILs due to the amino groups in the IL partici-
pated in the MR.

Regarding films’ light barrier properties (Fig. 2), all NH films
exhibited a high UV light absorption capacity in the 200-300 nm range,
regardless of the pH and added ILs, due to the presence of peptide bonds
(200-250 nm) and chromophores (e.g., tyrosine and phenylalanine)
(250-300 nm) in gelatin. It was observed that the addition of [Ch][Ser],
a coloured IL, increased the UV light absorbance capacity of films up to
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Fig. 3. Water vapour transmission rate (WVTR) values for gelatin films as a
function of pH (5.4 and 10), addition of ionic liquids ([Ch][DHP], [Ch][Ser]
and [Ch][Ac]) and heat treatment (non-heated (NH) and heat-treated (HT)) (n
= 2).

380 nm and, to a lesser extent, in the Vis region (> 380 nm). This could
be because [Ch][Ser] is a choline-based amino acid IL with a yellowish
colour. This latter outcome goes in line with the increase in the b*
parameter observed in Fig. 1 for ChSer NH films. As for the heat treat-
ment, an increase in UV-Vis light absorption in all HT films was
observed, which was related to the MR. The increase in pH from 5.4 to
10 improved the light barrier properties of the films (C10 HT), indirectly
related to a more extended crosslinking reaction, as observed in our
previous works [11,18]. As for the IL addition, the light absorbance
capacity of the films considerably increased, being the ChSer HT films
the samples with the best light barrier properties. This latter observation
indicated that a more extended MR occurred in ChSer HT films, as above
indicated (Fig. 1), and this could be because [Ch][Ser] is an amino acid
IL that could also react with fructose via MR. The increase in absorbance
in the UV region could provide films with a preventive (secondary)
antioxidant function [19], an interesting characteristic for both food-
and biomedical-related applications.

In the same manner, the WVTR values (Fig. 3), in the range of
1200-1700 g-m~2.day !, provide these films with suitable properties for
both food packaging and biomedical applications. Further, WVTR values
are similar to those of polymer-based membranes with medium-
permeability (2028.3 + 237.8 g/m’z-dayfl), which have demon-
strated a more rapid wound healing in mouse models than low
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Fig. 5. XRD patterns for A) non-heated (NH) and B) heat-treated (HT) gelatin films as a function of pH (5.4 and 10) and addition of ionic liquids ([Ch][DHP], [Ch]
[Ser] and [Ch][Ac]). The peak intensity carries the same value due to the normalized diffractogram.

permeability membranes (954.8g~2.day ) [20,21]. On the other hand,
these films displayed permeability values akin to standard packaging
materials for bakery products [22]. Among the studied variables (pH, IL
addition and heat treatment), it could be stated that the addition of [Ch]-
based ILs had the greatest impact on the water barrier properties of the
films. The increase in the permeability of the films has been related to an
overall crystallinity reduction, and the plasticiser effect of ILs [23].

3.2. Physicochemical and morphological properties

The FTIR analysis of individual components can be found in the
supplementary data (Fig. S2). Regarding the films (Fig. 4), all samples
exhibited the characteristic vibration bands of gelatin, amide A (3277
em™1), amide I (1627 cm 1), amide IT (1528 cm 1), and amide IIT (1237
cm’l), while [Ch][DHP]-containing films showed vibration bands cor-
responding to -P=0 and -P-OH bonds in the 1050-950 cm™? range [24].
The addition of ILs and the heat treatment induced clear shifts in the
main bands of gelatin (Table S1), related to physical interactions (e.g.,
H-bonding and electrostatic interactions) and Maillard reaction (mainly
observed in the patterned area in Fig. 4 A and B), respectively [5,25-27].
Therefore, it can be stated that ILs promote physical interactions with
gelatin, while the heat treatment induces the formation of MR products
via a chemical reaction.

Regarding the structure of gelatin, the C5.4 NH film showed two
characteristic diffraction bands at 20 ~ 7.5° and 21° (Fig. 5). The band at

20 ~ 7.5° is correlated with the triple-helix in gelatin film since triple-
helix structures were reformed during the film drying [28]. As for the
broad diffraction band at 21°, this is related to the partial crystalline
structure of gelatin, as opposed to an irregular arrangement (amor-
phous) of gelatin macromolecule chains [29]. Fig. 5 shows a decrease in
the intensity of this band when pH modification (from pH 5.4 to pH 10),
the addition of ILs and the heat treatment were carried out, which could
be related to a disruption of non-covalent interactions (hydrogen
bonding, hydrophobic interactions, charge attractions and repulsions)
due to the modifications in the formulation and the processing condi-
tions, which led to a decrease in films’ crystallinity. This decrease could
be attributed to the disruption of physical interactions due to: i) the basic
pH [30]; ii) the plasticization effect of IL [31,32]; and iii) the formation
of cross-links and glyco-conjugates during MR promoted by the heat
treatment [33]. The crystallinity reduction could be related to an in-
crease in the permeability of the films (Fig. 3), as previously explained.

Regarding film morphology, Fig. 6 shows the SEM images of the
surface and cross-section of HT films since there was no difference be-
tween NH and HT films. As can be observed, films showed dense and
homogeneous structures with no visible voids, cracks and/or agglom-
erates. These results indicated that all the film-forming components
were homogeneously mixed due to their water-solubility and/or
dispersion properties. Similar results were observed in biopolymer-
based structures using biocompatible [Ch]-based ionic liquids [34,35].
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Fig. 6. SEM images (surface and cross-section) of heat-treated (HT) gelatin
films as a function of pH (5.4 and 10) and addition of ionic liquids ([Ch][DHP],
[Ch][Ser] and [Ch][Ac]). Bar scales (at the right bottom of each image are
constructed with 11 short lines) for surface and cross-sections were 1.00 mm
and 30.0 pm, respectively.

3.3. Mechanical properties

The mechanical properties of gelatin-based films were notably
affected by the addition of ILs and to a lesser extent by MR (Fig. $3).
With the addition of ILs, tensile strength (TS) values of films signifi-
cantly decreased (Fig. 7A) while elongation at break (EB) notably
increased (Fig. 7B). The same behaviour was also observed in other
biopolymer-based materials when ILs were added [36]. For instance,
upon the addition of choline citrate IL to gelatin, the elongation at break
increased to approximately 460 % from around 7 % [37]. This result was
related to the plasticizing effect of choline citrate on the gelatin matrix.
Therefore, [Ch]-based ILs used in the current study could behave as
plasticizers and induce flexibility in gelatin films.
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3.4. Electrical properties

The electrical properties of the films were significantly enhanced
when ILs were added to the film formulation (Fig. 8), especially when
[Ch][Ac] was used. These latter films showed conductivity values of
around 6.22 x 108 S/cm and 7.76 x 108 S/cm, for ChAc NH and ChAc
HT samples, respectively, two orders of magnitude larger than the
control gelatin films. As explained by Andonegi and co-workers [38],
when assessing collagen-based composites with ILs, the increase in
conductivity was related to the increase in the number of ionic mobile
species associated with the IL. It was also found that the heat treatment
slightly assisted in the ionic conductivity enhancement of the system.

Concerning bending actuator response, none of the samples showed
any bending response (data not shown). As it depends on IL content
[39], HT films with higher amounts of [Ch][Ac] were prepared and the
bending response of those films was assessed (Fig. S4). Unlike 10 % and
20 % [Chl[Ac]-containing HT films, samples with 40 % [Ch][Ac]
showed a bending response of 9 mm, at a voltage of 10Vpp in 10 s, which
is attributed to the movement of the anions in the positive electrode
layers and the cations in the opposite layer. The overall bending char-
acteristics are dependent on the suitable combination of mechanical and
electrical properties [40]. Further assessments of these formulations
with higher [Ch][Ac] amounts were not carried out in this work.

3.5. Solubility and water uptake

The assessment of films” water uptake and solubility in contact with
water is another indirect way to analyse the effect of IL addition and MR
on the gelatin films since the presence of interactions can affect the
water stability of materials. Unlike control NH and ChDHP NH films
(Fig. 9 A and B), ChSer NH and ChAc NH films were not soluble in water
at 23 °C and were able to uptake water within their structure (~1000
%). Considering that gelatin is water-soluble, the results of ChSer NH
and ChAc NH films indicated that there were stable interactions between
gelatin and these ILs, which made the film non-water soluble. These
results went in line with the FTIR outcomes (Fig. 4) and are attributed to
the interaction between IL and gelatin structure. As for the heat treat-
ment and pH effect on the films’ water stability behaviour, the combi-
nation of pH increase up to 10 and the MR induced by the heat treatment
improved the stability since films became less water soluble than their
NH counterpart.

The above results reinforced optical, light barrier and FTIR outcomes
which all indicated that; I) physical interactions occurred between
gelatin and [Ch][Ac] and [Ch][Ser] ILs in NH fims; II) heat-treatment
induced the MR between gelatin and fructose in control HT films; and
III) the presence of ILs, especially the [Ch][Ser] IL, further promoted
interactions with gelatin in IL-containing HT films.

The analysis of the remaining water after the solubility test (Fig. 9 C
and D) showed that both the pH and conductivity of the liquid varied
depending on the pH, type of IL and heat treatment of the immersed
film. These outcomes indicated that some amount of the used ILs as well
as formed MR products were released from the film into the water
(Fig. S5), an interesting characteristic for active packaging and
biomedical applications since both ILs and MR products have shown
bioactive properties [41,42].

For further assessment, non-water soluble films (Fig. 9 B), ChSer NH,
ChAc NH, C10 HT, ChDHP HT, ChSer HT and ChAc HT films, were
immersed in PBS at 37 °C for 24 h to simulate physiological conditions.
As shown in Fig. 10, only [Ch][Ser]- and [Ch][Ac]-containing HT films
kept their integrity after being immersed into body-simulating condi-
tions, while C10 HT and ChDHP HT films, although being non-water
soluble, lost their integrity after immersion into PBS at 37 °C. As
gelatin presents a relatively low melting temperature (around 30 °C),
the sol-gel transition happens at physiological temperature (37 °C),
while it is avoided at lower temperatures (23 °C). Therefore, these re-
sults indicate that [Ch][Ser] and [Ch][Ac] IL addition, along with the
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Fig. 8. Electrical conductivity values for gelatin films as a function of pH (5.4
and 10), the addition of ionic liquids ([Ch][DHP], [Ch][Ser] and [Ch][Ac]) and
heat treatment (non-heated (NH) and heat-treated (HT)) (n = 2).

heat treatment, promoted stronger interactions among gelatin, IL and
sugar and that these interactions were capable of standing body-
simulant conditions.

3.6. Antimicrobial activity

The non-water soluble films (ChSer NH, ChAc NH, C10 HT, ChDHP
HT, ChSer HT and ChAc HT) were assessed in terms of antibacterial
activity (Fig. 11). These samples were able to inhibit bacterial growth
after 2 h of contact. A strong bacteriostatic effect was observed against
S. aureus, with nearly all of them showing growth inhibition of around
70 %. ChDHP HT was the most effective film, as it could reduce the
bacterial population by about 90 %. Oppositely, the bacteriostatic effect
against E. coli was negligible. Chen and colleagues [41] observed that
the inhibitory effect of MR products on Gram-positive bacteria
(S. aureus) was significantly higher than that on Gram-negative bacteria
(E. coli). Similarly, Garcia and co-workers [43] explained that [Ch]-
based ILs were more active against Gram-positive bacteria than

against Gram-negative bacteria and the lower activity of [Ch]-based ILs
against Gram-negative bacteria was ascribed to the lower permeability
of their outer membranes. Gram-positive bacteria have a tick cell wall,
whereas Gram-negative bacteria have a relatively thin cell wall that is
covered by another protective outer membrane. Therefore, it could be
said that these films showed potential against Gram-positive bacteria
such as S. aureus, organisms causing foodborne diseases and persistent
infections in chronic wounds [44,45].

3.7. Cytotoxicity

Considering the results of solubility in physiological conditions
(Fig. 10), a cytotoxicity evaluation on the L929 cell line was conducted
on [Ch][Ser]- and [Ch][Ac]-containing HT films (Fig. 12) to assess their
potential for biomedical applications. The results showed cell viability
values greater than 70 %, which is the ISO 10993-5 threshold (dotted
line in Fig. 12). This indicated that none of the assessed samples was
cytotoxic. These results were expected since [Ch]-based IL as well as MR
products have shown low cytotoxicity values [46-48].

4. Conclusions

Gelatin films have been prepared through the Maillard reaction and
with the addition of choline-based ionic liquids, including [Ch][DHP],
[Chl[Ac], and [Ch][Ser]. Films with homogeneous structures and no
agglomerations were observed by SEM, indicating good compatibility
among all the film-forming components (gelatin, sugar and ILs). The
direct (FTIR) and indirect (colour, UV-Vis light absorbance and solu-
bility) measurements of crosslinking showed that physical interactions
(e.g. H-bonding and electrostatic interactions) and Maillard reaction
(MR) occurred. These interactions induced brownish (a* and b* colour
parameter values notably increased), enhanced UV-Vis light absorption
and reduced the solubility of the films in food and body simulated
conditions, being the effect of MR higher than that of the addition of ILs.
The addition of different [Ch]-based ILs significantly improved films’
flexibility (from 6 % up to 275 % for elongation at break) and conduc-
tivity (up to 7.76 x 10~8 S/cm), whereas their crystallinity was reduced.
These changes were related to the plasticising effect of ILs, as well as to
the increase in ionic mobile species associated with the IL within the
films. Furthermore, the presence of ILs and MR products provided films
with a strong bacteriostatic effect against S. aureus and the films were
not cytotoxic. Among all the films, [Ch][Ser]- and [Ch][Ac]-containing
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Fig. 10. Solubility in PBS at 37 °C for gelatin-based films as a function of pH
(5.4 and 10), the addition of ionic liquids ([Ch][DHP], [Ch][Ser] and [Ch][Ac])
and heat treatment (non-heated (NH) and heat-treated (HT)). Means that do not
share a letter (a, b, ¢, d) are significantly (p < 0.05) different (n = 3).
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HT films showed promising outcomes (improved light barrier, conduc-
tivity and water stability properties; medium water permeability; anti-
microbial properties; no cytotoxicity) to tailor bio-based materials’
properties, with the aim of reducing the use of synthetic polymers.
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