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Abstract: Eutectogels are an emerging family of soft
ionic materials alternative to ionic liquid gels and
organogels, offering fresh perspectives for designing
functional dynamic platforms in water-free environ-
ments. Herein, the first example of mixed ionic and
electronic conducting supramolecular eutectogel compo-
sites is reported. A fluorescent glutamic acid-derived
low-molecular-weight gelator (LMWG) was found to
self-assemble into nanofibrillar networks in deep eutec-
tic solvents (DES)/poly(3,4-ethylenedioxythiophene)
(PEDOT): chondroitin sulfate dispersions. These dy-
namic materials displayed excellent injectability and
self-healing properties, high ionic conductivity (up to
10?Scm™), good biocompatibility, and fluorescence
imaging ability. This set of features turns the mixed
conducting supramolecular eutectogels into promising
adaptive materials for bioimaging and electrostimulation

applications.
J

Deep eutectic solvents (DES) are an emerging class of
compounds featured by an abnormal depression of their
eutectic point temperature compared to an ideal liquid
mixture.l'! This negative deviation from the ideality is often

associated with strong hydrogen bonding interactions be-
tween the mixture components, commonly defined as hydro-
gen bond acceptor (HBA) and hydrogen bond donor
(HBD).”! Since their discovery in 2003 by Abbott and co-
workers,”! DES have received increased attention as they
are favorable alternatives to replace ionic liquids (ILs) and
are actively being explored for a myriad of applications.¥
Similar to ILs, many DES show low vapor pressure, high
ionic conductivity, and broad liquid range, but they benefit
from easier preparation, low cost, non-toxicity, and
biodegradability.”! The immobilization of these intriguing
solvents within polymer scaffolds leads to an innovative
family of soft ionic materials called eutectogels that have
very recently stepped into the spotlight.”

Eutectogels are commonly designed from cross-linked”
or entangled™ polymers, but can also be prepared from low-
molecular-weight gelators (LMWGs), resulting in self-
assembled networks driven by supramolecular interactions.
In 2019, Smith etal. pioneered the development of
supramolecular eutectogels discovering that 1,3:2,4-dibenzy-
lidene-d-sorbitol (DBS), a low-cost commercial LMWG,
could self-assemble in a DES based on choline chloride
(ChCl) and alcohols/urea.”? Only few examples of
supramolecular eutectogels have recently followed up this
landmark work, exploring various LMWGs such as
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guanosine,!” halogenated DBS,"! d-gluconic acetal,'” and
bisgluconamide derivatives."”! Surprisingly, although scien-
tific efforts have been devoted to developing purely ionic-
conducting systems, mixed ionic-electronic conducting
supramolecular eutectogel composites have not been consid-
ered until now. In this vein, organic mixed ionic-electronic
conductors (OMIECs), like poly(3,4-ethylenedioxythio-
phene) (PEDOT) with enhanced charge storage and
coupled transport properties could expand the applicability
of these deep eutectic soft ionic materials.'”! For instance,
OMIECs open the gate to electrostimulation or biosensing,
and consequently, mixed conducting supramolecular eutec-
togels could find new routes in tissue regeneration, accel-
erated wound healing, and iontophoretic ocular drug
delivery, among others.['”)

Since hydrogen-bonding interactions are inherently
present in most DES, the supramolecular assembly of
classical LMWGs is not always given. Herein a new
phenanthroline-modified glutamic acid derivative was iden-
tified as a eutectogelator in the presence of different choline
chloride (ChCl)-based DES and combined with
PEDOT: Chondroitin sulfate (ChS). These specific DES
were chosen as they have been shown to be biocompatible
and non-cytotoxic,' and have a strong dissolution power
for hydrophobic drugs."” In this regard, with a view toward
biomedical applications, we decided to use ChS polysacchar-
ide for PEDOT stabilization as it has proven to promote
chondrogenic differentiation and re-epithelialization.['¥!
Moreover, to the best of our knowledge, there are no
comparative studies between supramolecular eutectogels
and their ionic liquid gels or iongels counterparts. Thus, we
also provide helpful insights into this matter by comparing
ChCl-based DES with cholinium-derived ILs.

Firstly, the ability of new phenanthroline-modified
glutamic acid LMWG (Figure S1) to jellify DES was
investigated. The supramolecular eutectogels were formed
by hot dissolution of the LMWG in the DES, followed by a
cooling step at room temperature to trigger the gelation
process (Scheme 1a). Different DES, based on ChCl and
three HBDs, namely glycerol (Gly=G), lactic acid
(LacAc=L), and glycolic acid (GlyAc=GA), were tested
(Figure 1a). Inverted vial tests show the eutectogel forma-
tion in the case of eGelg and eGelg,, but not for eGel;. The
use of acidic DES resulted in orange gels, probably because
of the phenanthroline group protonation. The FTIR spec-
trum of the LMGW shows characteristic peaks at 1721,
1694, 1660 (C=0 v of Boc, Fmoc, and glutamic acid residue),
1553 (ring skeleton), 1157 (C-H § ip), and 739 cm™' (C=C §)
(Figure S2). After gel formation, the main peaks of the
LMWG are evidenced without significant signal shifts.
However, the relative intensity of the C—H & ip and C=C §
peaks changed in the eutectogel, suggesting that n—n
interactions play an essential role in gel formation. The
structural organization of the eutectogel eGels3 was further
investigated by circular dichroism (CD) (Figure S3). The
CD spectrum of eGelg3 shows a positive band at 196 nm
and a strong negative band at 221 nm, which is the signature
of B-sheet structures.””’ Besides, the maxima at 251 nm is
characteristic of stacking interaction of the aromatic units of
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Scheme 1. (a) Single ionic conductive eutectogel formed by the
supramolecular interaction of a glutamic acid-derived LMWG and a
DES. (b) Hybrid mixed ionic/electronic conductive eutectogel compo-
site formed by the supramolecular interaction of LMWG, DES, and
PEDOT:ChS.

the LMWG, and the negative bands at 271 and 308 nm are
attributed to the offset face-to-face stacking of the Fmoc
moieties and the fluorenyl absorption, respectively.” The
viscoelastic properties of the eutectogels, particularly the
elastic modulus (G’) and loss modulus (G”), were measured
by dynamic oscillatory rheology. Strain sweeps allow us to
determine the linear viscoelastic regime (LVR) up to 3%
strain and the total gel to sol transition (G” > G’) from 40 %
strain. At 1% strain, in the LVR zone, G’ (~10*Pa) is
higher than G” (=10’ Pa), which is the condition of the gel
state and keeps stable in the whole frequency range
(Figure S4). Injectable and self-healable gels are actively
searched for minimally invasive treatments in
biomedicine.’!! Thus, these properties were studied by
dynamic step strain tests (Figure 1b). At low strains (y=
1%), G’ is higher than G” for both formed eutectogels,
eGelg3 (G'=350Pa>G"=90Pa), and eGelgp3 (G'=
1500 Pa>G” =180 Pa), proving the gel state before injec-
tion. Then, the samples were subjected to high strains (y=
1000 %) during short times (180 s), mimicking the pass of
the gel through the needle, taking place a gel to sol
transition (G > G’). Subsequently, by ceasing to apply great
efforts and applying low strains (y=1%) again, this
behavior was reversed in the case of eGelg3 eutectogels
(G'=120 Pa>G" =40 Pa), proving the recovery of the gel
state after injection, whereas eGel;,3 eutectogels barely
recovered the gel state (G'=40 Pa~G"” =25 Pa), exhibiting
modulus far from the initial values. These results show that
only the eGels3 eutectogels possessed self-healing and
injectability properties, and thus, the eGelg3 were selected
for further experiments. Note that similar elastic moduli
have been found for xantham gum eutectogels formed in
Gly/ChCl DES.”
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Figure 1. (a) Eutectogels formed by the supramolecular interactions of different choline chloride based DES with a glutamic acid-derived LMWG,
with their corresponding inverted vial test pictures. [LMWG]=3 % w/v. (b) Dynamic step-strain amplitude tests of the eutectogels, eGels3 and
eGelga3. (c) longels formed by the supramolecular interactions of cholinium-based ionic liquids and the LMWG, with their corresponding inverted
vial test pictures. [LMWG]=3 % w/v. (d) Dynamic step-strain amplitude tests of the iongels, iGel,3 and iGelca3.

Once the ability of the glutamic acid-derived gelator to
form supramolecular networks in DES was confirmed, the
comparison of eutectogels vs. iongels was addressed. The
iongels were prepared by the hot dissolution of the LMWG
in cholinium lactate (ChLac) and cholinium glycolate
(ChGly) ILs (Figure S5-S6) and subsequent cooling (Fig-
ure 1c). The rheological tests show that both the iongels
have self-healing properties with the recovery of the gel
state after the low-high-low strain cycle, iGelg 3 (G'=
60 Pa>G"”=30Pa), and iGel;3 (G'=360 Pa>G" =300 Pa)
(Figure 1d). Moreover, we found that using DES gave gels
with enhanced mechanical properties, showing higher G’
values than the gel materials prepared with ILs (Figure S7).
Besides, the ionic conductivity (o;) was determined by
electrochemical impedance spectroscopy from 23 to 85°C
(Figure 2a). The eGelg3 eutectogels have higher ionic
conductivity (6;=10"2Scm™") than that of iGel,;3 iongels
(6,=107°Scm™), with a typical linear dependence of o; with
the temperature as a consequence of the favored carrier
mobility. The higher ionic conductivity of eGels3 is prob-
ably due to the significatively lower viscosity of Gly/ChCl
DES compared with [Ch][Lac] ionic liquid, favoring the
ionic mobility. These o; values are in agreement with
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previous works related to eutectogels formed by a glycerol-
based DES with polymers, i.e., gelatin, polyacrylic acid
(PAA),*3 or other LMWGs such as DBS."!

Considering the superior mechanical and ionic conduc-
tive properties of the prepared eutectogels, the eGel; was
further studied in detail. The eutectogel exhibited a fibrillary
morphology with fiber diameters lower than 50 nm, as
observed by transmission electron microscopy (TEM) (Fig-
ure 2b). The influence of the LMWG concentration on the
eutectogel mechanical properties was analyzed by rheology.
Figure 2c shows an increase of G’ with the LMWG
concentration, from 350 Pa for 3% LMWG to 2150 Pa for
5% LMWG. The yield strain is not significantly affected by
the LMWG concentration showing a gel-to-sol transition
from 20 % strain in all cases (Figure S8). Nevertheless, the
self-healing properties are adversely affected (Figure 2d)
with lower G’ recovery with respect to the initial G’ values
as the LMWG concentration increases.

The mixed ionic/electronic supramolecular eutectogel
composites were prepared by adding a conducting polymer
PEDOT:ChS to the selected LMWG + DES mixture during
the heating step, to be then cooled down until room
temperature to trigger the gelation process (Scheme 1b).
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Figure 2. (a) lonic conductivity of the eutectogel eGelg3 and the iongel
iGel 3 at different temperatures. (b) TEM image of the eutectogel
eGelg3. The inset shows the eutectogel’ visual appearance. (c) Storage
modulus (G') and loss modulus (G") as a function of the frequency of
the eutectogels eGel:3, eGel4 and eGelc5. (d) Dynamic step-strain
amplitude tests of eGelg4 and eGelc5 eutectogels.

The presence of PEDOT:ChS did not affect the gelation
kinetic as determined by the inverted tube tests, which show
the eutectogel composite formation in the presence of
PEDOT: ChS, and whose morphology was further visualized
by TEM (Figure 3a). In that case, apart from the character-
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Figure 3. (a) TEM image of the eutectogel composite eGel;3/CP2. The
inset shows the eutectogel’ visual appearance. (b) Storage modulus
(G’) and loss modulus (G") as a function of the frequency of the mixed
jonic/conductive eutectogel composites eGelg3/CP2, eGels3/CPS5,
eGel4/CP2 and eGel4/CP5. (c) Dynamic step-strain amplitude tests,
and (d) lonic conductivity at different temperatures of the eutectogel
composites, eGel;3/CP2 and eGelg3/CP5.
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istic fibers of the LMWG self-assembly in the DES,
PEDOT:ChS aggregates are also distinguished and homo-
geneously distributed along the whole eutectogel composite
network. As controls (Figure S9), the TEM picture of the
DES solution does not show any structural conformation,
while the PEDOT:ChS dispersion presents the same
morphology as aggregates observed in Figure 3a and Fig-
ure S10, confirming the successful incorporation of the
electronic component PEDOT: ChS in the eutectogel. FTIR
spectrum of PEDOT:ChS display typical peaks at 1515
(skeletal vibrations), 1314 (RO-SO;™ v as), 1185 (RO-SO;~
v sy), 1048 (C-O-C v as), 974 (C-H & oop), and 825 cm™*
(S—O v) (Figure S2). However, these vibrational modes were
hard to identify in eGelg3/CP as they overlap with the
intense peaks of the DES. An increase of the PEDOT:ChS
concentration in the eutectogel composites, from 2 to
5% wi/v, produces an increase of the elastic modulus, from
1300 to 7400 Pa for eGelg3, and from 2100 to 4000 Pa for
eGelg4 (Figure 3b and Figure S11). Concerning the influ-
ence of PEDOT:ChS concentration on the self-healing
properties, eGels3/CP2 eutectogel composites present better
G’ recovery values than eGelg3/CP5 (Figure 3¢ and Fig-
ure S12), possibly because of higher concentration of
PEDOT:ChS aggregates impact the crosslinking density of
the supramolecular network, making the resulting materials
more brittle. This effect has also been found in blends of
PEDOT:PSS (polystyrene sulfonate, PSS) with waterborne
polyurethane (WPU),* and with a vinyl resin containing
poly(ethylene glycol) diacrylate (PEGDA),” which both
types of materials exhibited a considerable reduction of the
elongation at break with the PEDOT:PSS loading. The
effect of the temperature on the viscoelastic properties was
also studied (Figure S13), and the results demonstrate that
there is not any impact on G’ values when the temperature
changes from room temperature (20°C) to extreme body
temperature conditions (42°C). Importantly, the presence of
PEDOT:ChS affords electronic conductivity (c.) to the
eutectogel composites that increases with the PEDOT: ChS
loading, as measured by direct current (DC) polarization
(Figure S14). The control eutectogel eGelg3 without
PEDOT delivered a negligible current, whereas composite
eutectogels eGelg3/CP2 and eGels3/CPS reached currents
of 0.06 mA and 0.82 mA, respectively, after 1 h. Considering
the Ohm’s law and the geometric parameters, these values
were translated in electronic conductivity: 6. =0 for eGelg3,
6,=1.6-10°Scm™! for eGel;3/CP2, and 6,=2.1-10"*Scm ™!
for eGels3/CP5. This effect can be explained by the fact that
eGelg3/CP5 possesses a higher percolation path which gives
rise to an efficient hopping between n—n stacked chains and
higher electronic conductivity than eGels3/CP2 that could
achieve a percolation threshold decreasing the electronic
conductivity.”! On the other hand, the ionic conductivity
(Figure 3d) remains unaffected (o;=10"*Scm™), and mixed
ionic/electronic eutectogel composites present the typical o;
linear dependence with the temperature as in the case of
simple ion conductive eutectogels. Note that although
PEDOT is a mixed conductor, a negligible contribution to
the overall ionic conductivity is observed, probably because
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of its low concentration in the eutectogel composite
compared with the eutectic carrier.

Interestingly, the Fmoc and phenanthroline groups in
the LMGW endow the eutectogels with intrinsic
fluorescence, which is very useful for bioimaging (Fig-
ure 4a). Both kinds of eutectogels, single ionic conductive
and mixed ionic/electronic conductive gels, display similar
fluorescence spectra with maximum emission peaks in the
blue region at 408 and 435 nm, meaning that the LMWG
fluorescence is not affected by the incorporation of
PEDOT:ChS within the eutectogel network. Previously to
study biocompatibility, the eutectogels’ stability in physio-
logical mimicking conditions (Phosphate buffered saline
(PBS) at pH 7.4 and 37°C) was tested (Figure S15). In the
case of single ionic conductive eutectogels (eGelg3), a
partial disaggregation of the gel structure is observed after
48 h, while the mixed ionic/electronic conductive eutectogel
composites (eGel;3/CP2) remains stable, at least, up to 72 h.
The supramolecular H-bonding interactions between the
LMWG and the DES can be broken in presence of an ionic
media such as PBS, which can interact electrostatically with
the DES leading to a partial disassembly of the eutectogel.
This effect is prevented when PEDOT: ChS is incorporated
within the eutectogel network due to the electrostatic
interactions of the long chains of the polymer ChS with the
LMWG, which stabilize the eutectogel network becoming it
more resistant and preventing its disintegration in presence
of PBS. In vitro cell tests were performed by placing the
eutectogels in contact with iPSC cells. Regarding the
cytotoxicity tests (Figure 4b), the results show no significant
differences in the absorbance for the eutectogels when
compared to the Matrigel-coated well-plate used as a control
(CTL). This means that the cell survival is not altered in
contact with the eutectogels, demonstrating that they are
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non-cytotoxic. Besides, Figure 4c shows a slight increase in
cell viability in the mixed ionic/electronic conductive
eutectogel composites, eGelg3/CP, compared to that of the
single ionic conductive eutectogel, eGelg3 (without PE-
DOT:ChS in the network). This behavior can be attributed
to the fact that conductive materials can promote prolifer-
ation and differentiation when responsive cells are cultured
on top or within them.’ In fact, the results obtained by
direct current (DC) polarization tests showed that both
eGelg3/CP2 and eGelg3/CP5 eutectogel composites display
additional electronic conductivity when compared to the
eGelg3, which only presents ionic conductivity. Therefore,
mixed ionic/electronic eutectogel composites, eGelg3/CP2,
and eGel3/CP5, may provide an extra electrical stimulation
per se to the cells in contact with them, favoring the chemical
exchanges and signal communications among the cells at the
cell ~membrane-material interface, inducing their
proliferation.” This preliminary growth tendency is a first
finding for mixed ionic/electronic eutectogel composite
systems that needs to be explored in detail, and further
experiments involving different cellular models and external
electrical stimuli will be conducted in the future.

Finally, the proof of concept of the developed eGels3/
CP2 eutectogel composites to be employed as an agent for
local and minimally invasive bioimaging applications was
assessed with mice bodies, which were not explicitly
sacrificed for this experiment. The eutectogel composite was
injected subcutaneously in a local part of the mouse’s ear
(Figure 4d). Then, the mouse‘s ear was irradiated, observing
clearly the fluorescence light emitted at the local part of the
tissue where the eutectogel composite had been previously
injected (Figure 4¢). The employment of the eutectogel in
other body areas, such as rodent tails, was also tested

iPSC cell viability

)
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Figure 4. (a) Fluorescence spectra of the eutectogels eGels3 and eGel;3/CP2. The inset shows a picture of the fluorescent eutectogel eGels3 when
it is irradiated with a UV lamp at 354 nm. LDH assays to determine the (b) cytotoxicity and (c) cell viability of the eutectogels in contact with iPSC
cells (mean and standard deviation from n=4). In vivo injectability of the eutectogel composites in mice at different areas: (d) ears and (e) the

localized bioimaging fluorescence showed by the dashed blue circle, (f) tails and (g) the localized bioimaging fluorescence showed by the dashed

blue circle. UV excitation at 254 nm.
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(Figure 4f—g and Videos S1-S2), corroborating the localized
bioimaging properties in different body tissues.

In summary, mixed ionic/electronic conductive eutecto-
gel composites were successfully formed by combining a
fluorescent  glutamic  acid-derived @ LMWG  with
PEDOT:ChS and ChCl-based DES. Among different DES
tested, supramolecular eutectogels formed with Gly/ChCl
DES showed the best self-healing and injectability proper-
ties. The comparison between the ChCl-based eutectogels
(eGel) and cholinium-based iongels (iGel) was also tackled,
revealing the enhanced ionic conductivity properties of the
eutectogels (~102Scm™?) compared to iongels (
~107Scm™). The biological tests confirmed the non-
cytotoxic properties of the eutectogels in contact with iPSC
cells. Furthermore, the eutectogel composites were success-
fully injected in subcutaneous local areas of rats exhibiting a
localized fluorescence, which opens the way to potential
minimally invasive bioimaging applications.
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