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In the present work, the plasticising effect of the natural deep eutectic solvents (NaDESs) choline
chloride/lactic acid and betaine/lactic acid in the formation of chitosan-stabilised films is investigated.
The films were prepared by the casting technique, dissolving chitosan in 1% w/v solution of choline
chloride and lactic acid or betaine and lactic acid in water, either as a pre-formed NaDES or as
separately added components (physical mixture), without the addition of acetic acid. The physico-
chemical and mechanical properties of the formed films were studied. High concentration of the NADES
(83%) increases the weight and thickness of the films. The reference chitosan films containing acetic
acid or lactic acid are inelastic and very resistant to burst. On the other hand, the addition of betaine
increases significantly the elongation capacity of the film prior to burst. The water vapour permeability of the
films prepared from the NaDES solutions presents a 4.5 and a 2.6-fold increase, respectively, in comparison
with acetic acid containing films. The materials prepared using the NaDESs have distinct differences to those
prepared using the physical mixture of the NADESs' components, as shown from the thermal and FT-IR
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Introduction

Deep Eutectic Solvents (DES) are mixtures of two or more
components, a hydrogen bond acceptor and a hydrogen bond
donor, with a low-temperature eutectic point. When the com-
ponents of the DES are naturally occurring compounds, the
solvents are characterised as Natural Deep Eutectic Solvents
(NaDES). They constitute a transparent, usually viscous, liquid
at room temperature with significantly low melting point and
negligible vapour pressure. Due to their high biodegradability
potential, NaDESs have emerged in research towards greener
processes development. Their applications as extraction solvents,
catalysis agents in synthetic processes, or plasticisers during
the production of thermoplastic films are being intensively
investigated." ™

“ Laboratory of Organic Chemistry, Department of Chemical Sciences, School of
Chemical Engineering, National Technical University of Athens, Zografou, Greece.
E-mail: adetsi@chemeng.ntua.gr

b Department of Chemistry, Molecular Sciences Research Hub,

Imperial College London, White City Campus, London W12 0BZ, UK

t Electronic supplementary information (ESI) available: pH curves of the NaDESs

aqueous solutions, FT-IR spectra and TGA graphs of the NaDESs, deconvoluted

FT-IR spectra of the films, TGA-MS of the films and the starting materials. See

DOI: 10.1039/d0ma01008a

3954 | Mater. Adv., 2021, 2, 3954-3964

spectroscopic analyses data. Finally, SEM imaging revealed differences among the surfaces of the films.

The gelation of NaDESs has only recently been reported and
proposed for a variety of different applications. Xia et al°
investigated choline chloride-xylitol NaDES, employing xanthan
gum as the gelation agent. The ability of the NaDES to dissolve
bioactive compounds like quercetin, renders the so-called
eutectogels as a promising alternative for oral and transdermal
drug delivery. Marullo et al."* prepared choline chloride-phenyl-
acetic acid eutectogels using different amino acids as gelators.
The study revealed that the prepared formulations could be used
as sorbents for the removal of dyes from wastewater with high
removal efficiency and recyclability.

Chitosan exhibits strong antimicrobial and antifungal
activity.">"® Due to their inherent non-toxic and biodegradable
nature, chitosan films are considered as versatile alternatives to
conventional plastic polymer films, which could find use in
numerous applications. In the food industry, chitosan films
have been investigated as packaging material to prolong the
shelf-life of products."* In the pharmaceutical industry, their
use as wound dressings is being investigated, as they could
incorporate a therapeutic agent offering a controlled release
and enhancing its properties.'>*®

The mechanical properties such as the elasticity and tear
resistance of different films can be varied significantly, depending
on the requirements of each application. Flexibility and pliability
are essential properties for wound dressings in order to cover the
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wound and prevent infection."”'® On the other hand, a packaging
material may be flexible or inelastic to maintain its integrity
throughout the transportation and storage of the products.'®*°

Water vapour permeability (WVP) is a significant property of
films. Water vapours transfer through a film by absorption,
diffusion through the film due to interaction with the polymer
and desorption.”" All films are permeable, but depending on
their structure, some may create a stronger barrier. The require-
ments of the application define the selection of polymers and
additives. For instance, in food packaging, research is oriented
towards decreasing the permeability of water through the film,
thus protecting the shelf life of packaged products, as water
causes bacterial development and, consequently, spoilage of the
aliments.??* On the other hand, the permeability of water through
wound dressings should not be too low as the healing time and the
risk of bacterial infection increases,”*® nor too high as it may
cause dehydration of the area and subsequently, a scar.””®

In spite of its remarkable bioactivity and extent of potential
applications, chitosan presents an inherent difficulty to dis-
solve in any solvent apart from acidic aqueous solutions (most
commonly 1% acetic acid). In an effort to explore additional
options regarding chitosan’s solubility and film-making ability,
in the present work, we investigated the solubility of chitosan in
aqueous solution of two selected NaDESs namely choline
chloride:lactic acid (ChCl:LA 1:1.5) and betaine:lactic acid
(bet:LA 1:2) and demonstrated that chitosan can be dissolved
in solutions of 1% w/v NaDESs in water and, thus, elastic films
were prepared via the casting technique.

According to the experimental and computational work of
Gutiérrez et al.,”® large dilutions of a NaDES disrupt the inter-
molecular interactions between the components. Therefore, it
is theoretically expected that a 1% aqueous solution of a NaDES
is equivalent to an aqueous mixture of its components.

In order to comprehend whether the pre-formation of the
NaDES has an impact on properties of the films, two different
films were prepared for each NaDES. For the first film, the
NaDES was synthesised and dissolved in water, while for the
second film, the appropriate amounts of the two components
were directly dissolved in water, prior to chitosan addition.
Subsequently, the water was evaporated, forming the following
films: F/ChCL:LA NADES and F/ChCL:LA mix. and F/bet:LA
NaDES and F/bet:LA mix., respectively. The addition of acetic
acid was not required in any of the films, as the formed
aqueous solution was already acidic.

Moreover, the effect of lactic acid (LA) was also monitored in
two different concentrations, first 0.4% (F/0.4LA), equivalent to the
concentration of LA in 1% ChCLLA NaDES, and 0.5% (F/0.5LA)
equivalent to the LA in 1% of the bet:LA NaDES. Finally, the results
were compared with films produced with the addition of the well-
known plasticiser Tween 80 (F/Tween).

Results and discussion

After their preparation, distinct differences were observed
among the films. All films were compact, and predominantly
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off-white but their texture and elasticity varied significantly.
Visual observation revealed that the F/AA was the most rigid
film, while the films containing NaDES or the physical mixtures
were more elastic and pliable. No noticeable difference
occurred when different lactic acid concentrations were used,
but they were both significantly more elastic than the F/AA. The
presence of Tween 80 led to the formation of a non-transparent
film and added elasticity to the film. Finally, the two choline
chloride containing films were highly hydrophilic. The pH of all
the film-forming solutions was measured and found to be
between 2.84 £ 0.04 and 3.25 + 0.04.

Weight and thickness

The chemical structure and the size of the acid plays a sig-
nificant role in the mechanical and physicochemical properties
of the films.** Therefore, the films prepared from solutions of
lactic acid, which is an alpha-hydroxy acid, were found to be
thicker than the films formed by the solubilisation of chitosan
in acetic acid. The use of common plasticizers such as Tween
80, enlarges the spacing between the chains of the polymer,*®
so the observed difference in the thickness of the F/Tween film
and the F/AA film was expected (Table 1).

The films prepared from the NaDES solutions (F/bet:LA
NaDES and F/ChCLLA NaDES) are significantly thicker than
the corresponding films prepared from the LA solution (F/0.5LA
and F/0.4LA). A plausible explanation is that the presence of the
betaine or the choline chloride moiety provides an additional
spacing between the chitosan chains as these molecules can
form additional hydrogen bonds and electrostatic interactions
with the polymer functional groups which results in the swel-
ling of the film.

On the other hand, the NaDES-containing films appear to be
only slightly thicker than the films containing the components
of the NaDES when they are added as a mixture.

Burst strength (BS) and distance at burst (DB)

The measurements of the resistance on burst (burst strength,
BS) and total elongation of the films before burst (distance at
burst, DB), are presented in Fig. 1. BS of the F/AA was measured
to be 5.7 N, which with the addition of the plasticiser Tween 80
(F/Tween) is further increased (7.0 N).

The impact of the acid on the films’ mechanical properties
was again confirmed: the presence of lactic acid instead of
acetic acid increases both the BS and the DB of the films.
Moreover, a higher concentration of lactic acid has a strong

Table 1 Weight (mg) and thickness (mm) of the prepared films

Film Weight (mg) Thickness (mm)
F/AA 113.76 + 4.3 0.037 £ 0.005
F/Tween 183.04 + 6.8 0.081 £ 0.020
F/bet:LA NaDES 495.40 £+ 15.0 0.152 £ 0.070
F/bet:LA mix. 465.63 £ 9.7 0.110 £ 0.010
F/0.5LA 217.70 £ 16.8 0.057 £ 0.020
F/ChCL:LA NaDES 518.76 + 9.4 0.126 £+ 0.019
F/ChCL:LA mix. 487.33 £ 15.5 0.105 £ 0.003
F/0.4LA 209.45 £+ 11.2 0.052 £ 0.020
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Fig. 1 Burst strength results of the different films.

effect on the BS of the films, while the DB remains practically
the same. Therefore, the lactic acid containing films (F/0.5LA
and F/0.4LA) are more elastic, yet more difficult to break than
the acetic acid film (F/AA). This observation is in accordance to
the work of Caner et al.>* On the other hand, the films prepared
from the NaDES solutions (F/bet:LA NaDES and F/ChCL:LA
NaDES) presented significantly lower resistance to rupture,
but were more elastic compared to the reference films. The
films formed from the NaDES solution or from the solution
containing the mixture of the two components of the NaDES,
required 86-95% less burst strength to be ruptured while their
ability to elongate was 13-78% higher than the corresponding
films formed from the solutions of the acids.

The plasticising effect achieved in the films F/bet:LA NaDES,
F/bet:LA mix., F/ChCl:LA NaDES and F/ChCLl:LA mix. is clearly
observed in Fig. 2. Higher elasticity is expected with the
addition of NaDESs, as the free space between the polymeric
chains is increased.>” Hence, the DB of F/bet:LA NaDES and
F/ChCL:LA NaDES is increased to 20.1 mm and 11.0 mm
respectively while for F/AA is 4.8 mm.

Moreover, the F/bet:LA mix. and F/ChCL:LA mix. presented
similar elongation ability prior to burst as the F/bet:LA NaDES
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Fig. 2 Distance at burst (b) results of the different films.
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and F/ChCI:LA NaDES respectively, suggesting that the addition
of the two components separately or as a pre-formed NaDES
does not affect the mechanical properties of the films.

Another interesting observation is that both betaine containing
films were noticeably more elastic than F/ChCL:LA NaDES and
F/ChCLLA mix.

Water vapour permeability

WVP measurements showed that the F/AA, F/0.5LA and F/0.4LA
almost equally permit the water vapours to pass through. The
presence of any additional plasticiser or solvent significantly
increases the WVP of the films.

The highly hydrophilic character of choline chloride pro-
motes the water vapour diffusion. Therefore, the choline chlor-
ide containing films exhibit the highest WvP.*”

As can be observed from Fig. 3, when the two components of
the NaDES are added separately in the film forming solution,
the WVP is lower compared to the films where the NaDES
was synthesised prior to the chitosan dissolution. A plausible
explanation could be that when the components of the NaDES
are separately added, they are more uniformly incorporated
between the chitosan chains. This could be attributed to the
hydrogen bonds of the NaDES, resulting in higher swelling of
the polymer, enlarging the spacing formed between the poly-
mer chains and permitting the permeant water vapour to pass
through more easily. If the existence of NaDES causes the
formation of hydrogen-bonded, water-friendly, clusters
between the chitosan chains, then these clusters could easily
act as passages for water to enter the film WVP of aluminum
foil, a strong barrier of water, was measured as reference.

FT-IR

In the FT-IR spectra of the F/AA (Fig. 4), the following peaks
appear: a broad medium peak at 3405 cm ' (OH and NH
stretch), a strong double peak at 2924 and 2859 cm ' (C-H
stretching vibration, ~-CHj), a low intensity peak at 1735 cm ™"
(C=O0 stretching), 1643 cm ™" (amide I band of the polymer),
1548 cm™ ' (antisymmetric -COO™ stretching vibration) and at
1374 em™ " (symmetric ~-COO™ stretching vibration). The low
intensity of both the C=0 and the -OH peaks, indicates the
existence of chitosan acetate and that only a minimal amount
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Fig. 3 Water vapour permeability of all films.
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Fig. 4 FT-IR spectra of the F/AA (black) and F/Tween (red).

of free acid remains bound in the film, the rest is evaporated
during the incubation period.*®?°

The spectrum of F/Tween (Fig. 4) reveals that Tween 80 does
not chemically interact with chitosan, as there are only minor
peak shifts compared to the neat Tween 80 spectrum.*’

From the spectra of F/0.4LA and F/0.5LA (Fig. 5) it can be
observed that the peaks in the range 3600 to 3000 cm ™", as well
as the peaks from the C—O stretching vibration of the COOH
group (present at 1721 cm ™" in the spectrum of F/0.4LA and at
1722 cm™ ' in the spectrum of F/0.5LA) are significantly more
intense than in the spectrum of F/AA. This indicates that the
excess of lactic acid remains in the system in its neutral form,
as it is less volatile than the acetic acid. The two bands at
2982 cm ™' (CH, vibrations) and 2521 ecm™' (-OH stretching)
correspond to the lactic acid. Moreover, the band at 1566 cm™*
or 1570 cm™ ', respectively, is attributed to the antisymmetric
-COO™ stretching vibration of the lactate ion, which has been
shifted due to the presence of the electron-withdrawing -OH
group in the 2-position. Furthermore, a new small shoulder
appears at 1521 cm ™, corresponding to the ammonium cation,
verifying the formation of chitosan lactate.*’ ™

In the spectrum of F/bet:LA NaDES (Fig. 6) the bands at 2923
and 2854 cm ™' are very strong, while the 3412 cm ™' peak is
significantly weaker and the -OH peak is negligible, indicative
of a smaller amount of the acid in its neutral form. Moreover,
the -COOH and the -COO™ peaks are now reversely intense, as
the carboxyl groups are consumed, indicating the formation of
lactate ion.

For the F/bet:LA mix. (Fig. 6) the peak at 1727cm ™" is of signi-
ficantly lower intensity than the 1619 cm™ "' peak, indicative of a
greater amount of lactic acid in its neutral form compared to the
F/bet:LA.**

T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™')

Fig. 5 FT-IR spectra of the F/0.4LA (black) and F/0.5LA (red).
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Fig. 6 FT-IR spectra of the F/bet:LA NaDES (black) and the F/bet:LA mix.
(red).

The FT-IR spectra of F/ChCLl:LA NaDES and F/ChCl:LA mix.
(Fig. 7) present broad strong peak at around 3323 cm™' and
3323 cm ! respectively attributed to the O-H and N-H stretch-
ing vibrations. The absorbance from the carboxyl group of LA is
observed at 1731 cm ™' in the F/ChCI:LA NaDES spectrum and is
shifted by 2 em ™" in the F/ChCLI:LA mix. spectrum. The absor-
bances at 1479 and 1480 cm™?, respectively, are attributed to
-CH, scissoring, and the peaks at 1127 and 1128 cm ' are
attributed to the C-C stretching vibration.***°

The FT-IR spectra of the NaDESs bet:LA and ChCLLA are
presented in Fig. S2 (ESIT).

All samples present a wide set of peaks in the range 1200-
1000 cm ', with different behaviour for each sample. These
peaks have been deconvoluted, by fitting Gaussian functions, in
order to reveal overlapping peaks (Fig. S3-S9, ESIt) while the
Gauss Curve equation parameters are explained in Fig. S10
(ESIT). The accuracy of the Gaussian fitting can be seen at
Tables S1-S7 in the ESLf{ Table 2 summarises the revealed
peaks of all samples in the studied range.

From Table 2, it can be seen that in both samples containing
acetic acid, a peak at 1150/1149 cm™ " appears, corresponding
to the C-C stretching vibration of the acid (Peak 1). However,
when lactic acid is present in a film, the band is shifted towards
lower wavenumbers. For the F/Tween, both bands appear, Peak
1 corresponding to the acid and Peak 2 corresponding to the
plasticiser. Peak 3 (C-O) appears in all samples as well as in the
raw chitosan spectrum. Peak 4, is characteristic of the lactic
acid, although slightly shifted from that reported in literature
(1043 cm™"). Peak 5 differs among the studied samples, prob-
ably because it is due to different interactions. For F/bet:LA

F/ChCI:LA mix.

T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™')

Fig. 7 FT-IR spectra of the F/ChCLl:LA NaDES (top) and the F/ChCL:LA mix.
(bottom).
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Table 3 Summary table of the TGA moisture content, Tonset. Tmax.rater 11/2
residue of the films and the NaDESs

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 TGA moisture Tonset Tmaxrate T12 Residue
Sample (em™)  (em™) (em™) (em™") (em™') Sample content (% weight) (°C) (°C) (°C) (% weight)

F/AA 1150 — 1076 — — bet:LA NaDES 4.4 192 249 243 3.4
F/Tween 1149 1127 1078 1024 — ChCI:LA NaDES 5.5 194 262 253 1.2
F/0.5LA — 1124 1079 1030 1001 F/AA 9.1 200 278 280 25.2
F/bet:LA NaDES — 1126 1082 1035 1015 F/Tween 5.0 247 429 380 11.4
F/bet:LA mix. — 1127 1079 1030 1001 F/bet:LA NaDES 6.3 201 250 249 6.5
F/ChCL:LA NaDES  — 1126 1082 1043 1004 F/bet:LA mix. 6.4 211 255 252 1.0
F/ChCL:LA mix. — 1126 1082 1040 998 F/0.5LA 4.8 163 178,283 261 12.0
F/ChCI:LA NaDES 8.2 225 268 262 5.1

F/ChCL:LA mix. 8.3 209 273 258 3.6

NaDES and F/bet:LA mix. Peak 5 corresponds to the R-N(CH3);"  Chitosan 3.0 272 294 299 36

skeletal vibrations, while for F/0.5LA it corresponds to C-H or  Acetic acid — - = - -
C-O vibrations (rocking, deformation, stretching) Lactic acid 12.9 145179 1880.3
’ ’ : Betaine 0.9 295 302 302 1.8

The interesting observation in this range, is that the relative  Choline chloride 1.8 303 307 307 1.0

intensities of the peaks differ between samples. For F/bet:LA
NaDES Peak 2 is the strongest, while in F/bet:LA mix. and F/
0.4LA the Peaks 3 and 4 are stronger than Peak 2. This could be
explained with a higher amount of lactic acid existing in its
neutral form, thus, it could be supposed that the salt formation
is hindered in the case of F/bet:LA NaDES. This could also be
verified by the relative intensities of the 1730 and 1622 cm™*
peaks (1727 and 1619 cm ™", respectively, in the mixture): in F/
bet:LA NaDES the difference in intensity is much smaller than
in F/bet:LA mix., although the amounts of each component are
the same.

Similarly, the comparison of the relative intensity of Peaks 2,
3 and 4 between the F/ChCL:LA NaDES and F/ChCL:LA mix.
spectra indicates the lower amount of free lactic acid in the
former sample.

Having established that the interaction between chitosan
and each acid occurs towards the formation of the corres-
ponding salt, it has been confirmed that the excess of acetic
acid evaporates during the film formation while lactic acid
remains in the system. Furthermore, the addition of lactic acid
as a component of a preformed NaDES into the system
‘protects’ the lactic acid in its neutral form. This results in
the reaction with fewer amino groups of chitosan in contrast to
the mixture of the components, in which the expected chemical
equilibrium is maintained. Therefore, there is an indication of
different chemical environments existing in the samples, which
could be responsible for the differences observed in the thermal
and mechanical properties of the films.

TGA-MS

Thermal degradation of the two studied NaDES (Fig. S11, ESI})
follows a simple profile, similar to other DESs in the
literature.*®*” The decomposition happens in two steps: LA
starts decomposing first, followed by the decomposition of the
hydrogen bond acceptor (HBA), at similar temperatures (192 °C
for bet:LA and 194 °C for ChCL:LA), which indicates that the use
of betaine or choline chloride doesn’t affect the thermal proper-
ties of the NaDES. Bet:LA has greater carbon residue compared
to ChCLLA (3.4% over 1.2%), which could be attributed to
the different decomposition pathway of the carboxyl over
the hydroxyl group on the HBA. The results of the TGA-MS

3958 | Mater. Adv, 2021, 2, 3954-3964

measurements of the two NaDESs, as well as of all films and
components, are presented in Table 3, while the corresponding
spectra are presented in Fig. S12 and S23 (ESIT).

F/AA shows decomposition throughout the heating range
(Tonset = 200 °C), which results in 25 wt% carbon residue
(Fig. S12, ESIt). As expected, chitosan decomposes mainly to
H,O0 (m/z = 18) and CO, (m/z = 44). This can be confirmed from
the MS spectra of the neat polymer (Fig. S19, ESIt). Spectra with
m/z = 16 and 32, which correspond to atomic and molecular
oxygen, show a continuous reduction in intensity, as the MS
column is flushed with N, through the measurement, removing
the trapped oxygen. No oxygen seems to be produced during
the decomposition of chitosan. The graph for m/z = 29 is
interesting, as it shows an initial reduction, followed by a
constant production in the range 300-500 °C, which indicates
that although there was an initial production of this mass
fragment, the main decomposition happens in this range.
The m/z = 29 fragment could be attributed to the **HC NH,
fragment of the chitosan ring. As the acetic acid evaporates
during instrument equilibration time and does not show any
characteristic MS peaks (Fig. S20, ESIT), the resemblance of the
F/AA spectrum to that of pure chitosan is expected.

The TGA of the F/Tween sample shows a higher decomposi-
tion starting point (Tonser = 247 °C) compared to F/AA leading to
significantly lower carbon residue (11 wt%) (Fig. S13, ESIT).
It seems that the plasticiser has a double role, at lower
temperatures it provides the film with thermal resistance, while
at higher temperatures it promotes a cleaner burning of the
film, leading to lower carbon residue.

The MS of F/Tween shows that the production of m/z = 29 is
more apparent and also a product with m/z = 14 is released. The
latter could be attributed to CH,"® released by the decomposi-
tion of Tween 80. The increase of m/z = 29 products could again
be attributed to Tween, as CHO"® and C,H;" fragments have
identical masses. Also, around 450 °C a rapid production of
atomic oxygen is observed, presumably due to the decomposi-
tion of Tween’s side chains.

F/0.5LA shows a significantly lower decomposition point
(Tonset = 167 °C) compared to F/AA (Fig. S14, ESIT). This can

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be explained by considering the presence of excess of lactic
acid, which unlike acetic acid, remains physically bound to the
film due to its lack of volatility. MS profile reveals the constant
production of H,O throughout the temperature range, probably
due to the initial decomposition of excess lactic acid. The TGA-
MS spectrum of lactic acid (Fig. S21, ESIt) confirms the
decomposition of the acid at a significantly lower temperature
(Tonset = 145 °C). It is therefore possible that polymer-bound
LA is released stepwise and decomposes over a larger
temperature range.

TGA of F/bet:LA NaDES (Fig. S15, ESIY) is in general similar
to bet:LA NaDES (Fig. S11, ESIf). The initial decomposition
point has slightly shifted to higher temperature (Typsec = 201 °C)
compared to the NaDES (192 °C). The carbon residue is almost
doubled (from 3.6 to 6.5 wt%), due to the presence of chitosan.
According to the synthetic procedure, a NaDES film consists of
83.3 wt% NaDES and 16.7% chitosan. Taking into account the
carbon residue of bet:LA NaDES (3.4%) and F/AA (25.2%), as
well as their relative ratios in the NaDES film, the theoretical
carbon residue of the mixture is 6.8%, which is very close to the
measured residue.

MS spectra of the thermal decomposition of the films show
all the expected peaks of chitosan and lactic acid, accompanied
with some extra peaks attributed to the presence of betaine.
Peaks around 300 °C show that atomic and molecular oxygen
are released, probably due to the decomposition of the car-
boxylic acid group. Another interesting peak is m/z = 40, which
could be attributed to C-CH,-N"* due to the decomposition of
betaine (Fig. S22, ESIt).

TGA-MS of F/bet:LA mix. (Fig. S16, ESIt) shows the same
fragmentation pattern as F/bet:LA NaDES, without any major
differences in the masses or the temperatures where they
appear. TGA graphs, however, show some notable differences
in the decomposition point (Tonsee = 211 °C) and the carbon
residue, which in this case is just 1%. These differences are
indications that the structures of the films are actually different
and the presence of the NaDES has an active role in the
formation and structure of the film, compared to the simple
addition of the individual components in solution.

Similar to the previous case, the TGA F/ChCl:LA NaDES
(Fig. S17, ESIt) shows a significant shift in the decomposition
point (Tonser = 225 °C) compared to ChCl:LA NaDES and F/AA.
Specifically, this film shows the greatest resistance to thermal
degradation of all the studied samples, as its decomposition
point is higher than both individual components. The carbon
residue is 5.1%, again almost identical to the theoretical carbon
residue of the mixture (calculated 5%).

The MS spectra of the choline chloride containing films
(F/ChCL:LA NaDES and F/ChCL:LA mix.) show the peaks for
chitosan, with slight differentiations compared to F/bet:LA
NaDES. In this case, oxygen release (m/z = 16 and 32) is
insignificant, due to the presence of the hydroxyl group in
choline chloride that decomposes in a different pathway com-
pared to betaine. New peaks have appeared in this case, at m/z =
15, 50 and 52. These could be attributed to CH;"™ and CH,Cl
released from the decomposition of choline chloride. The relative

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ratio of m/z =50 and 52 is exactly 76 : 24, which corresponds to the
natural abundance of the two chlorine isotopes (**Cl and *’Cl).
Thermal decomposition of ammonium chloride salts is widely
studied and the nucleophilic elimination to alkyl chlorides is a
generally accepted pathway.*®*°

The TGA of F/ChCL:LA mix. (Fig. S18, ESIT) shows a lower
decomposition point (Tonser = 209 °C) compared to F/ChCL:LA
NaDES. More specifically, the decomposition point in this case
is almost identical to that of the pure NaDES. The carbon
residue follows the same trend as in the case of F/bet:LA
NaDES, with the F/ChCL:LA mix. giving lower residue than
expected (3.6 wt%) The MS fragmentation pattern is identical
to F/ChClL:LA NaDES, with no noteworthy differences. Similarly,
the TGA spectra of the betaine and choline chloride (Fig. S22
and S23 respectively, ESIT) indicate that the residue of betaine
is higher than that of choline chloride.

Finally, as the water content is similar for the films contain-
ing the pre-formed NaDES or the corresponding mixture, it may
be deduced that the slightly increased thickness observed in
the former films (Table 2) is an inherent change, attributed to
the polymer itself. A plausible explanation could be that the
hydrogen bonding nature of the NADESs helps them permeate
more between the chitosan chains, causing swelling of the
polymer, which increases the volume of the film and, hence, its
thickness.”

SEM

In order to obtain further information on the morphology
of the prepared films, SEM images were obtained (Fig. 8a-g).
Interestingly, the morphology of the films appears to be
different.

F/AA films present small holes with diameter of approxi-
mately 1.2 um possibly due to the evaporation of the acetic acid.
On the other hand, the F/Tween presents a very wrinkled
structure without any pores or holes.

The two NaDES containing films (F/bet:LA NaDES and
F/ChCL:LA NaDES) appear to have a very different morphology
compared to the other films. Their surface appears to be
smooth with small wrinkled structured pores. These pores
appear to be more frequent and larger in the F/bet:LA NaDES
compared to those of the F/ChCl:LA NaDES sample. The lactic
acid containing film does not present any holes in its surface,
possibly because lactic acid does not evaporate. Finally, the F/
bet:LA mix. has a grain-like structure whereas the F/ChCLLA
mix. appears to have a wrinkled structured surface with pores.

SEM imaging revealed distinct differences among the films
containing the NaDES or the corresponding mixture of the
components. Comparing the F/bet:LA NaDES to the F/bet:LA
mix. (Fig. 8c and f respectively), it can be observed that there is
a uniformity in the surface of the former, while the latter has a
less smooth surface. The same observation can be made when
comparing the two choline chloride containing films.

The uniformity observed in the pre-formed NaDES contain-
ing films could be attributed to the existence some ‘clusters’ of
the NaDES structure which, even though the dilution is high,

Mater. Adv, 2021, 2, 3954-3964 | 3959
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Fig. 8 SEM images of the (a) F/AA, (b) F/Tween, (c) F/bet:LA NaDES,
(d) F/ChCL:LA NaDES, (e) F/0.5LA (f) F/bet:LA mix. and (g) F/ChCL:LA mix.
Images on the left are at 5 x 10°x magnification and on the right at
10%x magnification.

are maintained probably due to the interaction with the
chitosan macromolecule.

3960 | Mater. Adv., 2021, 2, 3954-3964

View Article Online

Paper

Experimental

Materials

Chitosan 5-20 mPa s (0.5% in 0.5% acetic acid at 20 °C,
molecular weight 1526.464 g mol ') was purchased from TCI,
p,L-lactic acid 80-85% aq. soln., anhydrous betaine and choline
chloride 98+% were purchased from Alfa Aesar, and Tween 80
was from Aldrich.

All reagents were used without further purification. In all
experiments, MilliQ (18.2 MQ at 25 °C) water was used.

NaDES preparation

The two NaDESs were prepared as described in the literature.
Briefly, after choline chloride was dried in vacuo, lactic acid was
added in molar ratio 1:1.5 for the synthesis of the ChCl: LA
NaDES,*® while for the bet:LA NaDES the ratio was 1:2.*'
In both cases, the synthesis took place at 50 °C under magnetic
stirring until a viscous, colourless liquid was formed.

The pH of aqueous solutions of the two NaDESs, as well as
the pH of the solution of the physical mixtures of their
components, was measured with a Metrohm 744 pH meter in
order to identify the optimal concentration for the dissolution
of chitosan (Fig. S1, ESIf). Chitosan can only be dissolved in
acidic aqueous solutions where its primary amino groups are
protonated and, as a result, the polymer becomes a positively
charged polyelectrolyte.®* Typically, chitosan is dissolved in
solutions of acetic acid, hydrochloric acid, formic acid or lactic
acid. Therefore, concentration 1% w/v of the two NaDESs was
selected as the pH was 3.

Film preparation

The casting method was employed for the preparation of the
films. For each film, 0.2% w/v chitosan was left overnight at
room temperature, under magnetic stirring, in order to be fully
dissolved in the appropriate aqueous solvent. The solvents used
are shown in Table 4. Then, 45 mL of the film-forming solution
was degassed and poured into crystallising dishes of base area
of 25 cm? and were left to dry in a Gallenkamp incubator for
3 days at 40 °C. The films were peeled off the dish and stored in
desiccator until testing. Each film was prepared in triplicate.

Film characterisation

Thickness. The thickness of the films was measured with a
Hogetex digital micrometre (0-25 mm). Measurements were
obtained in 5 different parts of each film.

Mechanical properties. The force required to rupture the
film, referred as burst strength (BS) and total elongation of the
film before breakage, referred as distance at burst (DB) of the
films were measured with a TA.XT2i Texture Analyzer (Stable
Micro System) equipped with a stainless steel penetration
probe and analysed with the software Texture Exponent 32.
The film was secured in a film supporting rig and the probe
moved vertically towards the centre of the film at speed 1 mm s *
until the film was ruptured.

Water vapour permeability (WVP). Water vapour perme-
ability (WVP) was calculated following the Standard Test

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Film Component concentration (aq. solution) Component concentration (% w/v) Plasticiser

F/AA 1% v/v AA 1.05% w/v —

F/Tween 1% v/v AA 1.05% w/v 0.2% w/v Tween 80
F/bet:LA NaDES 1% w/v bet:LA NaDES 1.00% w/v —

F/bet:LA mix. 1% w/v bet:LA mix. 1.00% w/v —

F/0.5LA 0.5% v/v LA 0.61% w/v —

F/ChCI:LA NaDES 1% w/v ChCl:LA NaDES 1.00% w/v —

F/ChCI:LA mix. 1% w/v ChCL:LA mix. 1.00% w/v —

F/0.4LA 0.4% v/v LA 0.48% w/v —

Method for Water Vapour Transmission of Materials.****

Briefly, each film was placed on top of a crystalising disk of bottom

area 17.5 cm’, sealing the opening. The crystallisation disk con-

tained 10 mL of water (RH = 100%) and was placed in an

equilibrated desiccator in which RH = 0. The mass loss of the

system was periodically recorded over 24 h, and plotted against time.
WVP was calculated using the following equation:

W = (g/tA)-(x/AP) 1)

where: g/t is the slope of mass against time (g s'), A is the
opening area in m®, x is the film’s thickness (m) and AP the
partial vapour pressure (2338.8 Pa at 20 °C).

For each film, three repetitions of the measurement were
performed.

Fourier-transform infrared spectroscopy (FT-IR). FT-IR spec-
tra of the films were measured using a Spectrum 100 by
PerkinElmer, equipped with a Universal ATR (UATR) tool. The
spectra are measured in 6 repeats and then averaged. The
resolution of the spectra is 0.5 cm ™.

Thermogravimetric analysis (TGA). All TGA measurements
were performed on a Mettler Toledo TGA/DSC 1 instrument,
equipped with a HIDEN analytical HPRP20 - QIC evolved gas
mass spectroscopy tool. 1-2 mg of film were placed in a
weighed ceramic pan. The sample was heated to 50 °C, were
it remained for 15 min in order to equilibrate the balance and
make sure the oven was filled with N, and then heated to 700 °C
with a rate of 5 °C min~". The mass spec tool was adjusted to
measure every 9 s and scan the mass range of m/z 1 to 300,
excluding 28 for N,, the molar mass of the carrier gas. In order
to make the interpretation of the results easier, only the m/z
that showed a peak are presented.

Moisture content was calculated as the mass loss at
T =120 °C for all samples.

Tonset: Temperature point where sample decomposition
becomes significant. Calculated as the temperature point with
10% weight loss (after moisture loss).

Tmax.rate: Temperature of maximum decomposition rate.

Tio: Temperature of 50% sample mass loss (taking into
account the carbonaceous residue).

Scanning electron microscopy (SEM). The morphology of the
films was identified using SEM analysis with a LEO 1525
Gemini FEG-SEM instrument (Zeiss, Oberkochen, Germany)
at an applied voltage of 5 kV. The films were dried in vacuo
and coated with chromium prior to the measurement.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In this work, we successfully prepared two chitosan-stabilised
NaDES films and compared their properties with three con-
ventionally prepared chitosan films and with the films arising
from the addition of the NaDESs’ components as an aqueous
physical mixture.

Only little research on the field of chitosan dissolution
directly into an aqueous solution of NaDES or their
components*>*! has been conducted and should be investi-
gated further, as the low solubility of the polymer in a number
of common solvents constitutes a major drawback. Our work
was mainly focused on the preparation of the films and the
comparison of their properties, therefore the full capacity of
NaDESs’ capability of dissolving chitosan is an aspect worthy of
future investigation.

The obtained results suggest that the properties of the films
can be easily adjusted to fit the requirements of a wide range of
applications. The NaDES containing films or the films contain-
ing the physical mixture of the corresponding NaDES are very
elastic and allow water to easily pass through. On the other
hand, the films that do not contain a NaDES were inelastic and
very resistant to rupture.

Additionally, the selection of NaDES also plays a vital role on
the final properties of the films. The betaine containing films
were twice as elastic as the choline chloride containing films,
while the permeation of water through was only half. The
presence of chitosan slightly affects the thermal properties of
the films, increasing the indicative temperatures Tonset; Tmax.rate
and T;,. SEM imaging revealed that the addition of a pre-
formed NaDES, offers a uniformity on the morphology of the
film, whereas, the separate addition of the two components is
responsible for an uneven surface.

Our study indicates that the NaDES films are not completely
identical to those produced from the direct mixture of NaDES’s
components. Indeed, the films appear to have almost identical
DB and BS values, while the WVP, FTIR and thermal analysis
reveal some minor differences. The mixture-films appear to be
slightly better water vapour barriers and to decompose at
slightly higher temperatures compared to the NaDES-films.
Moreover, the FTIR of the produced films also appear to be
non-identical. These results are consistent in our study, as they
agree in both NaDES cases and are observed over multiple
repetitions of our experiments. The observed differences are
small, but statistically significant, and do not match our initial

Mater. Adv.,, 2021, 2, 3954-3964 | 3961
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theory that the films should be completely identical regardless
the production method. Therefore, further studies need to be
conducted in order to completely understand the interactions
in DES and how they are affected when they are diluted.

The aforementioned results demonstrate that the chitosan-
stabilised NaDES films are very promising alternatives for
biomedical applications. Commercial wound healing patches
and wound closure strips are mostly made of synthetic rubber
enriched with bioactive compounds to promote healing, but
usually lack in terms of elasticity. The prepared films are highly
elastic, which allows the material to stretch with the skin’s
movements, which is significant for a safe and scar-free heal-
ing. On the other hand, the NaDESs used could be extracted
and reused, leaving a porous material, consisting of pure
chitosan with antibacterial properties.>”> Moreover, the sustain-
able and biodegradable character of the product is of upmost
importance for the reduction of health-care waste, which
according the World Health Organisation has risen to approxi-
mately 1900 tonnes per year.53
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