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Silk fibroin is a biobased material with excellent biocompatibility and mechanical properties, but its use in
bioelectronics is hampered by the difficult dissolution and low intrinsic conductivity. Some ionic liquids are
known to dissolve fibroin but removed after fibroin processing. However, ionic liquids and fibroin can cooper-
atively give rise to functional materials, and there are untapped opportunities in this combination. The dissolution
of fibroin, followed by gelation, in designer ionic liquids from the imidazolium chloride family with varied alkyl
chain lengths (2-10 carbons) is shown here. The alkyl chain length of the anion has a large impact on fibroin

secondary structure which adopts unconventional arrangements, yielding robust gels with distinct hierarchical
organization. Furthermore, and due to their remarkable air-stability and ionic conductivity, fibroin ionogels are
exploited as active electrical gas sensors in an electronic nose revealing the unravelled possibilities of fibroin in

soft and flexible electronics.

1. Introduction

The natural polymer silk from Bombyx mori silkworm has a long
history in the textile industry and biomedical field due to the unique
biodegradability and biocompatibility allied to excellent mechanical
properties. These features recently triggered the interest for silk-fibroin
based materials in bioelectronics for wearable and flexible devices,
albeit still hampered by the limited dissolution of fibroin and by the lack
of fibroin-intrinsic conductive properties [1,2].

Silk fibroin, the constituent fibrous protein in the silk fibre core, has a
repetitive hexameric motif in its primary structure (Gly-Ala-Gly-Ala-Gly-
Ser), with short side chain units closely packed in hydrophobic crystal-
line regions due to extensive hydrogen bonds. This singular composition
contributes to the excellent mechanical properties but also explains the
limited solubility in water. In fact, the dissolution and further regener-
ation of silk fibroin are two challenging steps for which several solvents
have been assessed. As an alternative to harsh solvents or aqueous
inorganic salts, ionic liquids (ILs) have appeared as effective molecular
solvents for the dissolution and regeneration of silk fibroin, exempting
subsequent dialysis and significantly reducing the steps of fibroin
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regeneration [3,4]. ILs are organic salts considered designer solvents due
to the versatility in combining anions and cations. Both cation and anion
moieties in ILs play an important role in silk fibroin dissolution. After
dissolution, the secondary structure of silk fibroin can be altered and
transformed back into a water-insoluble structure using coagulation
solvents (ethanol, methanol [5], water [6] or even protic ILs [7]). After
fibroin regeneration and IL removal, hydrogels [8], films [9] or other
materials are produced for different applications. As such, ILs have been
so far regarded as silk fibroin dissolution and regeneration agents, which
are not present (or only partially) in the final fibroin assembled materials
[10,11].

Ionogels are generated when ILs are physically entrapped in gelators,
such as polymeric matrices. The properties of ILs are typically transferred
to the derived ionogels, namely air-stability and ionic conductivity,
making ionogels excellent candidates to yield electronic devices [12].
The research on silk fibroin for flexible electronics and sensing has been
so far focused on its use as a substrate [2] and not as an active compo-
nent. Composite fibroin materials for use in electronics are obtained by
incorporating conducting moieties, namely polymers (e.g. polypyrrole
[13]) and nanomaterials (e.g. carbon nanotubes [14], silver nanowires
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[15] or gold nanoparticles [16]) into silk fibroin. As an alternative to ILs,
ionotronic materials using metal ions and water, are also interesting
options to generate silk fibroin conducting materials [17].

Despite the possible synergetic properties of silk fibroin and ILs, the
full potential of this combination for advanced functional materials has
not been met. In the present work, the possibility to use fibroin as an
ionogelator of methylimidazolium chloride ILs, in the absence of water,
was assessed yielding soft materials with unique tunable supramolecular
architectures. Furthermore, the resultant air-stable and ionic-conductive
fibroin ionogels were assessed as active gas sensing layers for artificial
olfaction, widening the impact and applicability of silk fibroin in flexible
and wearable bioelectronics and non-invasive sensing devices.

2. Materials and methods
2.1. Materials

Silk fibroin solution (50 mg mL_l) was purchased from Advanced
BioMatrix, which is a partially hydrolysed silk fibroin II solution, har-
vested from domesticated Bombyx mori. The ionic liquids 1-Ethyl-3-meth-
ylimidazolium chloride >98% (ComimCl), 1-Hexyl-3-
methylimidazolium chloride 99% (CemimCl) and 1-Decyl-3-methylimi-
dazolium chloride >98% (C;jomimCl) were purchased from Iolitec
(Germany) and used as supplied.

2.2. Preparation and characterisation of fibroin ionogels

The 50 mg mL ™! fibroin solution was lyophilised, resulting in a water
insoluble lyophilised fibroin sample. Fibroin ionogels were prepared by
stirring each ionic liquid at 70 °C, and slowly adding the lyophilised
fibroin up to 100 mg mL! or 8.76% w/w (check Supplementary
Methods and Table 1 for details). The vial was then placed at room
temperature after full fibroin dissolution and gelation occurred imme-
diately without any further action. Nomenclature for the fibroin ionogels
developed in this work is CyF, with n representing the number of carbons
in the IL methylimidazolium cation alkyl chain and F the fibroin pres-
ence, as depicted in Table 1. Control samples of heat/cooled ionic liquids
were prepared following a similar procedure, except without fibroin
addition, and they are labelled C,HC, with n representing the number of
carbons in the IL alkyl chain and HC the heat/cool cycle they are sub-
jected to. The control fibroin hydrogel was prepared by pipetting the
commercial fibroin solution (50 mg mL ™) into a vial and vortex stirring
it at maximum speed in an upright position until the solution became
turbid (5/7 min depending on the volume), as described in the supplier's
usage indications. In some cases, the vial was then placed in a 37 °C
incubator overnight to decrease gelation time.

Details on equipment and samples’ preparation for morphological
(atomic force icroscopy, transmission electron microscopy, polarised
optical microscopy), mechanical and structural characterisation
(rheology, ATR-FTIR, X-ray scattering), as well as air stability, thermal
and conducting properties (stability to storage, DSC, thermal in-
vestigations, ionic conductivity) of fibroin ionogels can be found on the
Supplementary Methods of Supplementary data. Ionogel samples were
left to stand at room temperature and 50% relative humidity for at least

Table 1

Composition of fibroin ionogels. *Water content measured by Karl Fischer titration.
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24 h before being characterised (as detailed in Supplementary Informa-
tion, unless otherwise stated).

2.3. Preparation of fibroin ionogel thin films

15 pL of each sample were spread into films on top of Gold-Titanium
interdigitated electrodes deposited on untreated glass substrates (18
parallel, 300 pm in width, spaced by 300 pm). This was carried out using
an automatic film applicator with a heated bed and a quadruplex with a
predefined thickness of 15 pm (TQC, The Netherlands). All films were left
to stand at room temperature and 50% relative humidity for at least 24 h
before being used for sensing purposes.

2.4. VOC sensing using fibroin ionogel thin films

The fibroin ionogel thin films were placed in the chamber of an in-
house tailor-made electronic nose [18]. The sensors were exposed to a
sequence set of 10 volatile organic compounds (VOCs) from different
chemical classes, following an order of increased polarity (Table S1), and
finishing with water. Pure solvents were heated up to 37 °C for 15 min
and the resulting vapours in the headspace of the sample vial were
pumped through the sensors, using cycles of 5 s exposure to VOCand 15 s
recovery with ambient air, for a total of 7.5 min (22 consecutive cycles).
Electrical signals were acquired at a sampling rate of 90 Hz. Different
batches of films were produced so that duplicates were analysed and
reproducibility was assured. The conductance of the sensing materials
(the electrical signal) was independently analysed using computing
processes and machine learning tools. Signals were first filtered using a
median filter from the signal processing (scipy.signal) Python library and
a smooth filter from novainstrumentation Python library (https://githu
b.com/hgamboa/novainstrumentation), and divided in cycles. To anal-
yse sensors’ repeatability and reproducibility, the relative signal, average
and standard deviation of cycles were calculated. The relative signal (Sr)
for each cycle was calculated according to the equation

Sr— S — baseline
baseline

where S is the filtered cycle signal and baseline is the average of the
filtered cycle signal taken from 10 points immediately before VOC
exposure. The maximum variability of a cycle was estimated as the ratio
between the maximum standard deviation and the average cycle signal
taken over 15 to 20 cycles. To assess the ability of each sensing material
to identify VOCs based on the shape of the signals, the cycles were first
normalised using the percentile method. Then, shape-related features
were extracted from each normalised cycle and used as input variables to
build an automatic classifier algorithm based on Support Vector Machine
(SVM), as reported previously [19,20]. For each sensing material, the
classifier was used to make predictions of the VOC identification. The
performance of the classifier was represented in confusion matrices,
which show the rate of correct and incorrect predictions. The VOC
identification ability of each sensor was given by the rate of correct
predictions for that VOC.

Ionic Liquid Structure Fibroin Ionogel Fibroin (% w/w) Tonic liquid (% w/w) Water added (% w/w) Water in the IL (%)*

ComimCl = cP CoF 8.3 91.7 0 1.72 £ 0.23
SN

CemimCl /A cP CeF 8.8 91.2 0 1.17 + 0.32
SNASANGBN

CyomimCl 87.9 6.07 0.79 £+ 0.21
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3. Results and discussion

3.1. Morphology and structure of fibroin ionogels in methylimidazolium
chloride ionic liquids

Reconstituted silk fibroin presents the repeating motif Gly-Ala-Gly-
Ala-Gly-Ser which typically assembles as anti-parallel f-sheets. This
arrangement is maintained by the packing of short amino acid side chains
of Gly and Ala in hydrophobic crystalline regions. In addition, extensive
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intra- and inter-molecular hydrogen bond networks between N-H:--O—C
from neighbour backbone strands and between Ser OH groups and
backbone O—C groups are important for the packing [21]. In the present
work, lyophilised regenerated fibroin was used as the starting material in
order to meet the challenge of producing fibroin ionogels with the lowest
possible water content, as opposed to hybrid gels with 50% w/w of water
as previously reported [11]. When the aqueous solution containing re-
generated fibroin is lyophilised, there is a slight modification of the
fibroin secondary structure, namely a decrease in random coil and small

random coil

/I& B-sheet/ B-turn

S 3 helix

Lyophilised Fibroin

v 3 !
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Fig. 1. Fibroin ionogels. (A) Schematic representation of fibroin ionogels and proposed predominant secondary structures. After dissolution of lyophilised fibroin and
gelation in Cy, Cg and C;omimCl ionic liquids, different fibroin secondary structures are observed. Scales are exaggerated for clarification. (B) Inverted glass vials
containing fibroin ionogels. (C) Atomic Force Microscopy (AFM) topography and (D) Polarised Optical Microscopy (POM) taken with crossed polarisers at 90° of
fibroin ionogels. The white line corresponds to 100 pm.
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increase in f-sheet contents, rendering the final lyophilised fibroin
sample water insoluble (Fig.S1 and Table S2 in Supplementary Infor-
mation). The concept here explored involves the dissolution and gelation
of the lyophilised silk fibroin sample in ILs, which represents a different
challenge from most reports in which the ILs were used for dissolution
and regeneration. The ILs need thus to disrupt the naturally occurring
H-bonded network of fibroin, to further allow the formation of other
networks of non-covalent interactions between silk fibroin chains and the
ILs, giving rise to a physical gel.

The identity of both cation and anion IL moieties are important to
promote the solubility of polymers in ILs, although it is known that the
anion has a much larger effect on this process. Methylimidazolium-based
ILs, with chloride as the anion, are known as the most successful for
fibroin dissolution and regeneration [4], and were thus selected for this
study. The chloride anion was selected due to its properties. It is a strong
H-bond acceptor, known to break inter-strand hydrogen bonds between
neighbour backbone polypeptide chains, thus critical for fibroin disso-
lution, but also able to act as a cross-linker in H-bonds, thus important for
gel formation [22]. Regarding the cation moiety, we selected methyl-
imidazolium cations with varying lengths of the alkyl chain, namely
CpymimCl with n = 2, 6, 10. The alkyl chains will likely contribute for
hydrophobic interactions, with the potential to disturb the closely packed
hydrophobic pockets during fibroin dissolution but also to promote the
formation of hydrophobic patches during gel assembly.

The selected methylimidazolium chloride ILs dissolved the lyophi-
lised fibroin at high temperature. Upon cooling, we observed the for-
mation of fibroin ionogels at 100, 100 and 70 mg mL ™! of fibroin for ILs
Cy, C¢ and CjomimCl (Fig. 1), respectively, while the control fibroin
hydrogel was formed at lower concentration (50 mg mL ™! of fibroin)
(Fig. S2). Remarkably, the water content of the fibroin ionogels was
minimal, between 1 and 7% w/w, mostly attributable to the water
already associated to the ILs used (Table 1). It was necessary to add a
small amount of water to the fibroin ionogels produced with C;omimCl
due to the initial low hydration content of the IL. The residual amount of
water molecules existent in the final fibroin ionogel materials can
contribute to H-bond formation, although the effect should be negligible
considering the high IL content (higher than 88% w/w). It should be
noted that the fibroin ionogels and controls were produced and then
stored for 24 h at room temperature and controlled humidity (RH of
50%) before any characterizations or use. Apart from the detailed anal-
ysis that will follow for fibroin ionogels formed with C,mimCl ILs with n
= 2, 6 and 10, the mid-term alkyl chains n = 4 and n = 8 were also
preliminarily assessed, to conclude that silk fibroin could also gelate C4
and CgmimCl obtaining self-supporting ionogels similar to Cp and
C1omimCl, respectively (Fig. S3).

The differences between the silk fibroin ionogels CoF, CgF and C;oF
containing the ILs ComimCl, CemimCl and C;omimCl, respectively, were
clear upon morphological characterisation by atomic force microscopy
(AFM) and polarised optical microscopy (POM) under crossed polarisers
(Fig. 1). The fibroin ionogel CoF, containing the imidazolium IL with the
shortest alkyl chain, was opaque, similar to the control hydrogel, which
similar morphology was also proven by TEM imaging (Fig. S4). CoF
ionogels presented small aggregates at the surface with RMS roughness of
1.1 nm, whereas fibroin hydrogel also presented aggregates, although
larger, with RMS roughness of 5.2 nm (Fig. 1 and Fig. S2). Both C¢F and
CyoF ionogels were translucent materials (the slight yellow coloration
arises from the ionic liquid itself). The CgF ionogel presented dense and
less homogeneous background with rodlike structures with increased
roughness (2.4 nm RMS) when compared to CoF (Fig. 1). The C;oF ion-
ogel exhibited a distinct surface topography of aligned stripes, with a
RMS roughness of 3.1 nm and unique birefringence showing a fan-like
texture ascribed to the hexagonal liquid crystal phase by POM analysis
(Fig. 1). This behaviour arises mostly from the self-assembling properties
and molecular order of the IL used, C;omimClI [23], as described below.

To assess the contribution of the IL intrinsic self-assembling proper-
ties on the final silk fibroin ionogels, the three ILs were subjected to the
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same processing steps as the fibroin ionogels. The heated/cooled IL
controls (CoHC and CgHC) formed viscous solutions (Fig. S5, Supple-
mentary Information), showing that the presence of silk fibroin is
essential for gel formation, except for C;oHC which forms a self-
supporting gel on its own. Imidazolium ILs with long alkyl chains have
been reported to form lyotropic liquid crystal phases in the presence of
water, due to their amphiphilic nature [23-25]. In particular, C;omimCl
is reported to present unique self-assembly characteristics [23]. More-
over, a water content above 3% w/w can promote a H-bonded network
and liquid crystalline gel phase with C;omimCl [26], which is the case in
our work (water content 6.9% w/w). The C;oHC gel presented a surface
topography of stripes but with a higher RMS roughness (3.2 nm) when
compared to CjgoF. These results suggest that the IL self-assembling
properties are predominant in the final hierarchical order of the fibroin
ionogel, and that fibroin affects the organization of the IL creating
smaller ordered clusters, suggesting that fibroin chains are interspersed
in the IL supramolecular assemblies. A detailed investigation of the POM
images obtained for the heat/cooled IL (C;oHC) and corresponding
fibroin ionogel (C;oF) (Figs. S6 and S7) confirmed that both materials
showed a fan-shaped pattern ascribed to the hexagonal liquid crystal
phase, even though a decrease in the size of the fan-shaped structures was
observed in the C;F fibroin ionogel. The hexagonal phase was recovered
upon a heat-cool cycle in which the hexagonal-to-isotropic transition and
reverse transition temperatures were similar.

The mechanical properties of silk fibroin ionogels and controls were
assessed by dynamic frequency sweep measurements (Fig. 2A-B and
Table S3 from Supplementary Information), after choosing a strain at the
linear viscoelastic region from amplitude sweeps (Fig. S8 as an example).
The CoF and C;oF ionogels present viscoelastic behaviour as G’ (1 0* and
10° Pa, respectively) is one order of magnitude greater than G**. The C¢F
ionogel is the weakest, presenting G’ and G” in the 10% Pa order. The
control C1oHC also became stronger upon stress application and showed
high moduli, but the storage and loss moduli are in the same order of
magnitude (10° Pa), indicating that the presence of fibroin is key to
enhance its viscoelasticity. From all tested materials, C;oF ionogel pre-
sented the better mechanical robustness with G’ of 1.3 x 10° Pa and G” of
1.4 x 10° Pa.

The ATR-FTIR spectra of the fibroin ionogels tested (using each IL as
background) helps to understand how silk fibroin chains could be
organised within the gels (Fig. 2C-D). Comparing the spectra from
lyophilised fibroin, control fibroin hydrogel and fibroin ionogels, it is
possible to observe differences at important amide bands (Fig. S1,
Table S2 and Fig. S9 Supplementary Information). For all the fibroin
ionogels tested, the peak at the amide I region was shifted to a higher
wavenumber (around 1660 cm™ ') when compared to the starting ma-
terial (1624.69 cm_l), suggesting alterations in secondary structure [27].
In turn, the amide II region (1470-1570 cm’l) shows a broader
appearance, with more than one peak, which was already observable in
the lyophilised fibroin. The amide III band (1200-1350 cm™ ') presents
broader peaks at the same wavenumbers as the fibroin hydrogel, which
in turn points to p-sheets. In addition, the specific band at 1700 cm™?,
only visible in the control fibroin hydrogel, is stated as indicative of the
antiparallel arrangement of fibroin chains in the p-sheet domains [28,
29]. The deconvolution of peaks at the amide I region (1575-1800 cm™)
indicates the most prevalent fibroin secondary structure in the different
materials (Table S4), suggesting the existence of f-sheet (83%) and f-turn
(17%) in the control fibroin hydrogel (as expected), and predominant
B-turn (66%) and B-sheet (33%) in CoF. In turn, CgF shows the presence of
310 helix (63%), which can be also attributed to p-turns, in the addition to
the 3% of attributable p-turns, and 33% of other conformations. Finally,
CyoF presents a strong presence of a-helix (79%), and the existence of
B-turn (12%) and other (9%).

The materials were also characterized by X-ray scattering. As ex-
pected, the commercial fibroin solution showed an amorphous pattern,
while the hydrogel presented one peak (20 angles 23° (Fig. 2E and Fig
S$10)), and a sharp ring at 4.32 A (Fig. 2F), which probably corresponds to
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Fig. 2. Mechanical and structural characterisation of fibroin ionogels. (A) Rheology Frequency sweep measurements of fibroin ionogels C,F, C¢F and CyoF. (B)
Rheology Frequency sweep measurements of fibroin hydrogel and heat/cooled C;oHC. (C) ATR-FTIR spectra (Amide region) of fibroin ionogels C,F, C¢F and Cj(F,
using the heat/cooled ILs as background, and compared with fibroin hydrogel, highlighting the Amide I band. (D) Secondary structure content from deconvolution of
peaks at the Amide I band of ATR-FTIR spectra for each of the samples. (E) X-ray scattering 20 scans of fibroin ionogels CoF, Cg¢F, CqoF and fibroin hydrogel, with
distances in A annotated on top, and (F) taken from scattering ring intensity analysis.

a p-sheet crystalline periodic spacing. These results corroborate ATR-
FTIR observations (Table S2), with the amorphous silk fibroin solution
silk I re-organising into a more crystalline silk II structure upon me-
chanical stirring (hydrogel) or lyophilisation [6,30]. The
two-dimensional scattering images acquired for the fibroin ionogels
showed the presence of diffraction rings around 4 A (wide angle region)
which corresponds to a 20 angle of around 22°. These diffraction rings
were more diffused and less sharp than those observed for the control
hydrogel which indicates more scattering and less ordered structures in
the fibroin ionogels (Fig. 2E-F or Fig. S11). It is evident that the spacing
corresponding to this scattering ring increases in value as the alkyl chain
of the IL increases, visible at 3.71, 4.12 and 4.26 A for CoF, CgF and CyF,
respectively. The value observable for CyoF approaches the 4.32 A dis-
tance in the control hydrogel. It has been previously reported that
attractive van der Waals interactions increase with increasing alkyl chain
length on the cation C;mim of the IL, which starts exhibiting amphiphilic
character from n = 10 [24], and ultimately leads to an increase in order
and crystal stabilisation [31]. For the CgF ionogel, a second scattering
ring is present in the small angle area, yielding a spacing value of 19.74
A. The CyoF ionogels exhibit also a sharp scattering in the small angle
albeit partially covered by the beamstop, which corresponds to a distance
of 28.9 A (Fig. 2E-F). X-ray scattering studies of pure ILs after undergoing
a heat/cool cycle (labelled C,HC) showed similar scattering patterns as to
the corresponding fibroin ionogels (Fig. S11-S12). Still, the wide-angle
region ring shifts to lower spacing in the fibroin ionogels, which points
to more compact structures when fibroin is present.

The ILs selected for this study provide a multitude of interactions
through the rich chemical diversity of cations and anions. When fibroin is
dissolved in ILs, the intra- and inter-molecular H-bonds and hydrophobic

interactions between fibroin polypeptide chains are reduced, which, after
cooling down, enable the formation of thermodynamically stable ion-
ogels that do not exactly follow the typical secondary structure and su-
pramolecular assembly of fibroin hydrogels.

The chloride anion is constant among all tested ILs. This anion is
hydrophilic and a strong hydrogen bond acceptor [22], that can under-
take multiple H-bonding interactions as doubly ionic [32] which act as a
cross-linker between neighbour polypeptide chains. Regarding the cation
moiety, the imidazolium ring is constant. Given the amino acid sequence
of silk fibroin, it is expected that this ring mostly contributes as a weak
hydrogen bond donor forming hydrogen bonds with hydrogen bond
acceptor groups in the protein backbone and Ser side chain. But the most
important contribution from the cation moiety is attributable to the alkyl
chain that ranges from 2 to 10 carbons. The alkyl chain likely establishes
hydrophobic interactions with the hydrophobic side chains of the fibroin,
having an important role during dissolution and gelation. Particularly in
gelation, the shortest alkyl chain seems to interfere less with fibroin as-
sembly into p-sheets (according to ATR-FTIR) by possibly having little
disruption on the hydrophobic packing of fibroin strands. The CgF ap-
pears as the most disordered material, with less mechanical robustness
and with the lack of predominant fibroin secondary structure. In CoF we
observe a synergistic effect between the strong self-assembling properties
of the IL - which alone gives rise to a lyotropic liquid crystalline phase -
and the physico-chemical properties of fibroin. After IL dissolution, the
latter is forced to acquire a distinct secondary structure, rich in a-helix
and p-turns, affecting the organization of the IL itself by creating smaller
ordered clusters but still giving rise to birefringent and viscoelastic gels
with higher G’ than the control hydrogel and the heat/cooled IL.
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3.2. Stability and ionic conductivity of fibroin ionogels

Fibroin ionogels acquire interesting properties due to the high con-
tent of ionic liquid, namely air and thermal stability, and high ionic
conductivity. Analysis of the ionogels’ stability upon storage at ambient
conditions, as well as thermal assays, were carried out. When the gels are
stored in an open vial at controlled humidity and temperature, the fibroin
ionogels adsorb water from the atmosphere, reaching a maximum weight
gain of 25, 16 and 10% w/w for CyF, CeF and Cy¢F, respectively, after 30
days of study. This is contrary to the behaviour of the hydrogel, which
loses almost 60% of weight by drying out after 30 days (Fig. 3A-B). Yao
and partners have shown that fibroin/CaymimAcetate/H20 gel almost
maintains the original size and shape after exposed to air for 20 days
[11], even though they have a 40-50% weight loss. That corresponds to
the unbound water, as these gels were composed of 10% fibroin, 40%
ComimAc and 50% water w/w [11]. In our work, fibroin ionogels present
less than 27% water in their air-equilibrated composition after 30 days of
air-storage (see insert of Fig. 3A). Such behaviour is likely attributable to
the high hygroscopy of the ILs containing the chloride anion [22]. While
CeF and CpoF remain gels that can be handled with tweezers after 30
days, CoF turned into a liquid state after 1 day of exposure to ambient air,
likely due to the low self-assembling propensity of the IL alone. The
heat/cooled ILs also gained weight throughout the storage time. It should
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be noted that C;oHC remained a self-supporting gel after 30 days
(Fig. S13A-B).

When comparing the mass loss curves from thermogravimetric anal-
ysis, it is clear that fibroin ionogels present larger thermal stability than
the fibroin hydrogel, which loses mass abruptly until 150 °C (Fig. 3C).
Fibroin ionogels lose mass almost entirely at 300 °C (as observed for the
control heat/cooled ionic liquids, Fig. S14), as opposed to the 60% mass
loss for the hydrogel for the same temperature, as previously reported
[9]. Analysing the DSC scans, all fibroin ionogels present an endothermic
peak between 77 and 110 °C (Fig. S15A), which represents the gel-sol
transition. This is due to the reversible supramolecular gel formation
that is based on weak physical forces such as H-bonding and van der
Waals interactions [33]. The absence of a glass transition endotherm
suggests that the materials are not completely amorphous [33], even
though the X-ray scattering broad peaks point to no ordered structure
within the ionogels. When compared to fibroin hydrogel (Fig. S16C), the
fibroin ionogels present a larger degradation temperature, in addition to
much larger enthalpies (Tp and AHp in Fig. S15B), which means they
require higher temperature and energy to degrade. This increasing
thermal stability can be explained by decreasing Coulomb attraction if
ideal ionic interaction is assumed, when opposed to hydrogels, where
ionic interactions are not relevant [34]. The exothermic peak at ~100 °C
for the hydrogel, as well as for the fibroin solution (see more detail in
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Fig. 3. Stability to air and temperature and ionic conductivity of fibroin ionogels. Stability study of fibroin ionogels C2F, C6F and C10F versus fibroin hydrogel
throughout time, upon storage of the open vials at ambient conditions (T = 20 °C; RH ~ 50%). (A) Weight variance throughout storage time, comparing the mass at
each time with the initial mass; Water content after 1 day and 30 days - equilibrated samples in the inset. (B) Macroscopic aspect of the gels after storage for 1 and 30
days, including when picked with the tweezers. (C) TGA analysis of fibroin ionogels versus hydrogel when heating the fibroin ionogels and hydrogel at 10 °C/min. (D)

Ionic conductivity spectra of fibroin iono- and hydrogels at ambient conditions.
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Fig. S16B) coincide with the TGA weight loss at this temperature range
(Fig. S16A), just before the glass transition (Tg values of 120 and 112 °C,
respectively, as seen in Fig. S16C). The crystallisation of fibroin induced
by heat was above 250 °C for all the fibroin materials (exothermic peak),
as previously reported [35]. In addition, the following degradation
temperatures (Tp at which Ap, is achieved) increase when there is less
water (Fig. S16C). As opposed to amorphous silk fibroin, for which the
decomposition has been reported by some researchers to occur at T <
290 °C [28,36], the analysed fibroin ionogels showed decomposition
peaks at larger temperatures (Tp) (Fig. S15B) — with the exception of CgF.
The degree of molecular orientation and crystallinity, that give the
morphological and physical properties to the sample, are the main
responsible factors for this thermal behaviour [29], which actually con-
firms the morphological, mechanical and structural analysis (Fig. 2).
Intrinsic ionic conductivity of the fibroin ionogels is another unique
characteristic endowed by the high IL content. The ionogels’ ionic con-
ductivity is attributed to the mobility of the ILs cations and anions within
the gels. The fibroin hydrogel also presented ionic conductivity (Fig. 3D),
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very similar to the one found for C;oF ionogel due to the presence of
water. All ionogels, except CgF, presented a maximum ionic conductivity
in the range of 1073-1072 S cm ™!, which is above the benchmark of 1 mS
cem ! required in electrochemical devices [37]. It has been reported that
increased IL content or decreased silk fibroin content can raise the ionic
conductivity [11]. In this work, the conductivities achieved for C;HC and
C10HC were similar to their corresponding fibroin ionogels CoF and CqgF,
with the large error bars from duplicates actually pointing to a larger
variability of the controls (Fig. S17), indicating the stabilising effect of
fibroin polypeptide chains. As already expected [38], an increase in the
alkyl chain length of the imidazolium cation lowered the ionic conduc-
tivity, with CoF presenting the largest ionic conductivity. However, the
CeF showed lower conductivity than C;oF, which could be explained by
the less organised structures within the CgF gel, lowering ion mobility.
Even though CyF ionogel presents the highest conductivity, it has the
lowest air-stability with CjoF having the best compromise between
conductivity and air stability.
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Fig. 4. Application of fibroin ionogels in gas sensing. VOC sensing experiment using the in-house developed electronic nose. (A) Macroscopic aspect of C;oF films
spread on top of a glass slide patterned with interdigitated gold electrodes after used on the electronic nose. (B) Typical cycle signals of a C;oF sensor upon exposure to
different VOCs and water. Each curve represents the average and standard deviation of at least 19 replicate cycles from a same sensor. VOC exposure periods (5 s) are
highlighted in grey. (C) Typical cycle signal of the sensors made of fibroin ionogels and heat/cooled ionic liquid C;oHC when exposed to methanol (5 s, highlighted in
grey). The lines and shadow are the average signal and standard deviation of the 2 independent sensors. (D) Representation of all the cycles performed during the 7.5
min experiment with methanol when using 2 independent C;oF films as sensors. The line and shadow are the average signal and standard deviation of 2 independent
sensors. (E) Comparison of correct VOC prediction rates obtained when using each fibroin ionogel and heat/cooled ionic liquid C;oHC as gas sensors. (F) Overall
correct VOC prediction rate for each sensor, given by the average of the correct prediction rate of all the VOCs.
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3.3. Fibroin ionogels as electrical gas sensors

The synergy between remarkable air-stability and high ionic con-
ductivity of the fibroin ionogels was here combined to assess a potential
application of the materials in the field of artificial olfaction.

After proving that fibroin ionogels present ionic conductivity, they
were spread as thin films on top of interdigitated gold electrodes
(Fig. 4A) and used as sensors in our in-house built electronic nose (set-up
on Fig. S18). Due to the intrinsic ionic conductivity property of the
ionogel material, when an alternate voltage is applied between the ter-
minals of the interdigitated electrodes, it causes ions movement within
the ionogel, generating an electrical current. Our electronic nose detects
that current and converts it to a voltage value that is proportional to the
conductance of the ionogel. This is the electrical signal of the material in
rest. When we expose the ionogels to vapours of different chemicals or
water vapour, we observe changes in their rest electrical signal, which
represent changes in ionic movement within the ionogel caused by the
interactions established between the incoming vapour molecules and the
ionogel. Thus, our ionogels report the adsorption/desorption of gas
molecules through the variation of their electrical signal, as shown in
Fig. 4B and C. Even though the hydrogel showed a high ionic conduc-
tivity, it did not qualify as electrical gas sensor because it loses water by
evaporation and a rigid dry material forms, preventing charges to move.
In our VOC sensing experiment, the fibroin sensors' signals were recorded
during 22 consecutive cycles of exposure to VOC (5 s) followed by
ambient air (15 s) (for recovery of the baseline). Different VOCs have
different characteristic signals for each sensor composition (Fig. 4B, for
CioF sensor), which is related with the distinct dynamics and types of
interactions that occur during VOC adsorption/desorption to the ionogel.
Also, signals are different for each sensor composition upon exposure to
the same VOC (Fig. 4C, for methanol). For example, regarding exposure
to methanol, CoF returns relatively quickly (1.6 + 0.4 s) to its initial
conductance, while C;oF and C;oHC take longer (5.8 + 1.6 s and 6.6 +
0.8 s, respectively) to recover, resembling a more triangular-shape signal.
As it is possible to observe from the 22 exposure/recovery cycles in
Fig. 4D (example of C;oF response to methanol), the sensors were rela-
tively stable throughout the 7.5 min experiment, yielding reversible and
repeatable signals after the first 6 cycles. This corresponds to the sensor's
stabilisation time of around 2 min (where the signal amplitude variability
is 29%), after which the signal amplitude can be considered constant,
with a variability lower than 4% for each independent sensor. From all
the 10 VOCs tested, chloroform was the only one that clearly damaged
films containing fibroin (with the exception of CjomimCl-based thin
films). The control C1oHC also presented deterioration after exposure to
the tested VOCs, which was not observable for the C;oF sensor, indicating
the important role of fibroin to maintain the integrity of the material.

After collecting signals from the sensors upon VOC exposure, we used
an automatic classifier based on support vector machines (SVM) that
analyses the cycles’ shape. The cycles were normalised (see the mean
normalised waves for each sensor in Figure S19-S22 of Supplementary
Information), showing singular signatures for different VOC chemical
classes and sensors. The rate of correct VOC predictions (%) was taken
from the diagonal of each confusion matrix and presented in Fig. 4E
(from Fig. S23). C1oF correctly identified all VOCs with an overall correct
prediction rate higher than 80%, emerging as the most promising gas-
sensing film allied to higher robustness.

In previous works, we reported similar gas-sensing gel materials,
where an optical probe (liquid crystal) was added to the ionogel,
resulting in hybrid gels that yield optical signals with different shapes for
different VOCs [39] and have excellent VOC prediction ability (98.9%
overall correct prediction rate [20]). Fibroin ionogel materials still pre-
sent lower VOC prediction ability (around 80%, Fig. 4F) than the optical
gelatin hybrid gels but are more robust mechanically and simpler to
produce because less components are required than for gelatin hybrid
gels. The combination of fibroin and C;omimCl yielded gels with G’ and
G’ in the order of 10° and 10°, respectively, whereas the reported gelatin

Materials Today Bio 15 (2022) 100290

ionogels have G’ and G” in the order of 10° and 10, respectively [39].
The required signal acquisition hardware is simpler in the case of ion-
ogels. The simplicity and improved mechanical properties might be
favourable for several applications. Thus, the fibroin ionogel sensing
system would benefit from further work to optimize the VOC prediction
ability, namely by gathering a larger dataset of signals collected with
CyoF sensors from different batches, providing a more accurate repre-
sentation of the variability of the signal shape per VOC.

4. Conclusions

In summary, we explore the synergy between silk fibroin and ILs,
through the dissolution and gelation of lyophilised fibroin in selected ILs,
giving rise to fibroin ionogels with the lowest water content ever re-
ported, and with unique properties that arise from the combination of
both components. The fact that the fibroin polypeptide chains are dis-
solved in ILs and further allowed to reform thermodynamically stable
structures in a high IL content, gave rise to physical ionogels with distinct
properties largely dependent on the alkyl chain length moiety of the
anion. In fact, the 1-alkyl-3-methylimidazolium chloride ILs act as
designer solvents that can tune the induced fibroin secondary structures
and the hierarchical organisation of the two components into physical
gels. Even though the ILs with larger alkyl chain, such as C;omimCl, are
known to have their own assembly and crystalline tendency, fibroin
enhances the ionogel's mechanical strength despite the absence of p-sheet
arrangement, making C;oF the most stable to air and temperature. In
turn, the presence of short alkyl chain length cations has little impact on
the fibroin natural assembly, allowing for p-sheet structures to be
reformed, which explains the greater mechanical properties of fibroin
ionogel using ComimCl when compared to the one with CemimCl, and is
also corroborated by the shorter spacings analysed from X-ray scattering
patterns. Owing to the characteristics of ILs, the fibroin ionogels were
shown not to evaporate and to possess high ionic conductivity, thus
creating fibroin sensing layers, in which fibroin is not a passive substrate
where active substances are introduced but fibroin is part of the active
layer. It is thus possible to produce air-stable fibroin thin films that can be
used as gas sensors, in contrary to the fibroin hydrogels that dry out,
inhibiting charge mobility. This work sets the ground for establishing
fibroin as a much versatile element in flexible and wearable bioelectronic
devices.
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