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Featured Application: Ionogels containing bio-ionic liquids help in the area of biomolecule en-
capsulation. Bio-ionic liquids can retain the stability of biomolecules at room temperature within
the pores of ionogels. Ionogels have interesting applications in biosensors, electrochemical de-
vices, super capacitors, batteries, gas sensors, CO; capture, and so forth.

Abstract: We developed a facile and greener approach for the preparation of silica-aerogel-based
ionogels using choline dihydrogen phosphate ionic liquid by the sol-gel approach. A series of silica-
based aerogels as ionogels were prepared by varying the ionic liquid concentrations: 0.1, 0.5, 1, 3, 5,
and 10 wt %. The as-prepared ionogels were characterized using several analytical techniques, namely,
attenuated total reflectance (ATR)/FT-IR, TGA, XRD, and particle size analyses. The role of ionic
liquid in the viscoelastic properties of the sol-gel transition was monitored using time-dependent
rheological measurements. The addition of ionic liquid to the sol-gel system favored the formation
of a more interconnected silica network structure. The formation of a silica network structure during
sol-gel hydrolysis and condensation was confirmed from 2°Si solid-state CP/MAS NMR spectra.
The effect of the ionic liquid on the morphological properties was investigated using SEM and TEM
studies. The cell viabilities of the prepared gel samples were clearly evident from the cytotoxicity
assay studies using Swiss and HaCaT cells. The main advantages of using biocompatible ionic
liquids for the preparation of these aerogels as ionogels are that they may be used for encapsulating
biological molecules and retain their conformational stability for a longer duration.

Keywords: aerogels; ionogels; silica; ionic liquid; choline dihydrogen phosphate

1. Introduction

Silica aerogels have received much attention recently owing to their exceptional
properties such as low density (0.003-0.8 g/cm?), large porosity (>90% having pore sizes
ranging from 5 to 100 nm), high surface area, low thermal conductivity, and so forth [1-3].
These superior properties of aerogels make them useful for applications in the fields of
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optical sensors, biomolecule encapsulation, catalysis, adsorbents, chemical separation, drug
delivery, and aerospace [4-6]. However, the traditional synthesis of silica aerogels involves
the hydrolysis and condensation of tetraalkoxysilane precursors using a mildly acidic or
basic catalyst followed by a drying process. The release of alcohol (from silane precursors)
has detrimental effects on the activity of biomolecules during hydrolysis [7]. Moreover, the
conventional drying process can cause up to 80% shrinkage of the gel network, resulting
in limited entrapment of biomolecules. This limits the application of silica aerogel in
the fields of biomolecule encapsulation and biosensors due to slow response time [8].
The encapsulation of biomolecules inside the gel matrix can be achieved in situ or after
supercritical drying to eliminate network collapse. However, harsh supercritical drying can
easily damage the biomolecule structure [9,10]. To avoid this problem, ionic liquids (ILs)
were recently used as green solvents for the preparation of sol-gel-derived silica-based
aerogels [11-13]. Ionic liquids can control the structure of silica (i.e., pore size, structure,
and distribution) apart from the type of catalyst, water content, solvent, and template
used [14-16]. In addition, ILs can avoid the problem of gel shrinkage and act as a pore-
forming template during the sol-gel formation. Ionic liquids can be confined inside the
pores of silica aerogel, which act as a protective agent for the encapsulated biomolecules,
thereby retaining their conformational stability [17]. The use of different ionic liquids for
the preparation of silica aerogel was attempted by several researchers over the years [18-20].
Dai et al. [18] reported the preparation of silica aerogel using imidazolium-based ionic
liquids, which eliminated the risky supercritical drying process. ILs based on the salts of
imidazolium ions were used as a morphology controller and precatalyst for the preparation
of silica xerogel [19]. Additionally, ILs could be used as a drying control chemical additive
during the sol—gel transition, which prevents the strain associated with the evaporation of
solvents [20].

Ionogels are a new class of materials that emerged recently that are prepared using
ionic liquids in which the ionic liquid is confined inside the nanopores of the silica gel
matrix [21-23]. These solid-like macroscopic materials exhibit superior properties, which
do not flow at room temperature compared with bulk ionic liquids [21,24-26]. The prop-
erties include luminescence, transport, and high ionic or electronic conductivity [27,28].
Novel ionogels were prepared using tamarind gum and ILs (1-butyl-3-methylimidazolium
chloride and 1-butyl-3-methylimidazolium bromide), which have shown good adherence
to human finger muscles and skin. These novel ionogels may find applications in elec-
trochemical biosensors, actuators, and biomaterials [29]. Ionogels prepared by utilizing
1-methyl-3-butylimidazolium ibuprofenate with a minimal amount of solvent can be used
as an efficient drug delivery system and the drug release kinetics can be controlled by the
nature of the silica wall surface [30]. Furthermore, 1-butyl-3-methylimidazolium tetrafluo-
roborate IL was used to make a gel of low-molecular-weight iron dextran complex, which
has applications in medical electrosensitive gel device fabrications [31]. Very recently,
new types of nanocomposites containing agarose-chitosan-1-butyl-3-methylimidazolium
chloride solutions were developed using an antisolvent method, suitable for sensors, solar
cells, and electronic device materials [32]. In the recent times, ionic-liquid-anchored silica
particles have been used in making polymer nanocomposites with enhanced properties,
especially mechanical, thermal, and proton conductivity, for polymer electrolyte membrane
fuel cell applications [33-35]. Moreover, immobilizing ionic liquids on xerogel silica helped
researchers to achieve a solid-gas system for CO, capture [36].

In most cases, imidazolium-based ionic liquids were used as templates and structure-
directing agents for the preparation of sol-gel-derived silica aerogels and ionogels [12].
However, Lee et al. [37] used an ionic liquid as an additive to prevent the inactivation of
enzymes during the sol-gel process, which retains 80% of the enzyme activity compared
with enzymes encapsulated in gel without an ionic liquid. The enhanced activity and
thermal stability of the horseradish peroxidase enzyme were achieved by encapsulating it
in a room temperature ionic-liquid-based sol-gel matrix [38]. In the recent past, Li et al. [9]
demonstrated the preparation of a red fluorescent protein encapsulated bio-aerogel using
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1-butyl-3-methylimidazolium chloride ionic liquid as a solvent and pore-forming agent.
Here, 85% fluorescent activity of the protein was retained. Most of the ILs comprising
imidazolium cations have been found to exhibit toxicity, sometimes more toxic than conven-
tional organic solvents [39]. ILs containing imidazolium, pyridinium cations, and halide
anions have been found to be highly toxic and less biodegradable, which can create aquatic
environmental problems due to leaching into water resources [40].

Recently, researchers have focused on the use of ionic liquids prepared from cations
and anions of biological components with well-studied biological and biodegradation prop-
erties [34,35,41,42], in particular, a choline-cation-based ionic liquid, which is an important
cation present in the liver that regulates biological metabolism in the human body [41-44].
There are several ionic liquids reported to have different anions such as formate, lactate,
dihydrogen phosphate, levulinate, and so forth, in combination with choline cations. Nat-
urally, choline and phosphate ions are present in the human body, so the combination
of these cations and anions is of interest. Choline dihydrogen phosphate (CDHP) is an
important bio-ionic liquid reported to have the combination of chaotropic cations and kos-
motropic anions, which can stabilize proteins in aqueous solutions [45]. Moreover, Fujita
et al. [46] also reported a series of choline-based ionic liquids that can dissolve proteins and
retain their secondary structure at high temperatures. The structural stability and activity
of cytochrome c in the hydrated form of choline dihydrogen phosphate IL was clearly
demonstrated by Weaver et al. [47] using different techniques. According to Fujita et al. [48],
cytochrome c retains its native state and remains active for 18 months during storage at
room temperature in hydrated choline dihydrogen phosphate IL compared to ILs from
various anions such as dibutyl phosphate, acetate, lactate, and methane sulfonate. The high
solubility of DNA from salmon testes was achieved by dissolving it in choline-based ionic
liquids, and the recyclability of IL was found to be very good (95%) [49]. Specifically, CDHP
is an important candidate for the encapsulation of biomolecules into a silica gel matrix [50].
The hydrated form of CDHP ionic liquid greatly improved the thermodynamic stability of
DNA duplex, which opens up a new pathway for the development of biomaterials from
DNA base pair switches [51]. Recently, we reported for the first time the use of a choline
formate IL for preparing biocompatible and surface-active silica aerogels with 90% cell
viability and proliferation compared with control gel without IL [52,53]. In this study,
our main approach was to prepare silica-based ionogels using biocompatible CDHP ionic
liquid as a green solvent and to study the role of ionic liquid concentration on its properties.

In the current work, we developed a facile and greener approach for the preparation
of silica aerogels as ionogels using choline dihydrogen phosphate ionic liquid as a green
solvent. The prepared ionogels were characterized using several physicochemical analytical
techniques, namely, attenuated total reflectance (ATR)/FT-IR, TGA, particle size analysis,
XRD, small-angle X-ray scattering (SAXS), SEM, and TEM, to study the effect of IL on the
properties of ionogels. The viscoelastic properties of the prepared silica sol solution were
also monitored using time-dependent rheological measurements.

2. Materials and Methods
2.1. Materials

Choline dihydrogen phosphate (98%) was purchased from Carl Roth, Germany.
Tetraethylorthosilicate (TEOS), MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide], ortho-phosphoric acid (H3PO4), and Dimethyl sulfoxide (DMSO) were purchased
from Sigma Aldrich, USA. Cell lines (Swiss and HaCaT) were obtained from National
Centre for Cell Science, Pune. Millipore water was used throughout the experiments.
All the reagents and chemicals were used as received.

2.2. Preparation of Silica Ionogels

The synthesis of silica ionogels was performed in an aqueous medium at room temper-
ature (RT). Control silica gel was prepared as follows: 1 mL of TEOS was taken in a sample
vial and 2 mL of water was mixed with TEOS precursor under magnetic stirring at RT
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(25 °C). Then, 0.5 mL of H3PO4 was added dropwise into it with stirring and the stirring
continued for another 15 min to get a uniform solution. The mixture was covered by
parafilm with small holes for the evaporation of solvents. Further, the solution underwent
gelation at RT for over a week and was freeze-dried. The simple schematic representation
of the ionogel synthesis strategy is given in Scheme 1.

TEOS

H,0
+
stirring

TEOS + H,0O

H;PO,

+
¥ stirring
Mixtures of TEOS, H,0 & H;PO,
Various conc.
vof CDHP

Uniform viscous solution
Gelation for
¥ 1 week

Silicaionogels

Scheme 1. Simple schematic representation of silica ionogel preparation.

The same methodology was adopted to prepare ionogels using choline dihydrogen
phosphate IL. To the mixtures of TEOS, H,O, and H3PO,, various concentrations of IL
were added to it and stirred for 15 min to get the true solution. They were then covered
with parafilm with small holes and further allowed for gelation at RT for 1 week. After
1 week, the gels were taken out and freeze-dried to remove the moisture and solvents.
Further, they were ground well to get a powder form for different analyses. The ratio of
TEOS:H,0:H3PO4 was maintained as 1:2:0.5 throughout the experiments. The IL concen-
tration was varied as 0.1, 0.5, 1.0, 3.0, 5.0, and 10.0 wt. %. Table 1 represents the formulation
of sol-gel-based silica ionogels.

Table 1. Formulations of the sol-gel-based silica ionogels.

Codes TEOS:H,O0:H3PO, (w’f.L%) Gelation Time (min) 2
ILO 0 195

IL 0.1 0.1 185

IL 0.5 0.5 170

IL 1.0 1:2:0.5 1.0 165

IL 3.0 3.0 155

IL 5.0 5.0 140

1L 10.0 10.0 120

2 obtained by monitoring sol-gel transition at room temperature (RT).

2.3. Characterization of Ionogels

FT-IR spectra for wet and dried gel samples were collected using an attenuated
total reflectance (ATR)/FT-IR spectrometer (ABB MB 3000, Canada) over the range of
4000-600 cm ! with a scan of 60 scans/s and resolution of 16 cm~!. The gel samples
were placed over a zinc selenide (ZnS) surface. The angle of incidence of the infrared
beam onto to the surface was 45°. The standard calibration of the instrument was done
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by measuring the spectra of polystyrene film over the crystal surface as a calibration
standard. Thermogravimetric studies were performed using TG analyzer Model Q50 (TA
Instruments) with a heating rate of 20 °C/min under N; atmosphere from 30 to 800 °C. The
formation of a siloxane network structure in the prepared gel was characterized by using
29Gi solid-state NMR spectra, Bruker Avance 400 spectrometer, Germany, at a frequency of
79.49 MHz for ?°Si cross-polarization magic-angle-spinning (CP/MAS) NMR. The particle
size measurements for the ground gel powder were performed using a Yobin Horiba,
LB-550, particle size analyzer by making a dilute dispersion of silica particles in deionized
water. The sol-gel transition was monitored using rheological experiments in a cone-plate
geometry (CP 25-1) using an Anton Paar Physica rheometer (MCR301) with oscillatory
tests. The measurements were performed at a constant frequency (1 Hz) and constant strain
of 1% at 25 °C with time variation. X-ray diffraction patterns for the prepared gels were
analyzed using an X-pert PRO X-ray diffractometer under Cu Ko radiation (A = 1.54 A)
under a voltage of 40 kV and a current density of 40 mA, scanning over a range of 3°-80° at
a rate of 4° /min. Small-angle X-ray scattering (SAXS) measurements of gel samples were
performed using a SAXSpace instrument from Anton Paar with the following specifications:
collimation: line collimation; time: 30 s x 40 frames (20 min); analysis: SAXStreat and
SAXSQuant software; detector: Mythen 2 (1D detector); temperature: 28 °C; holder: solid
sample holder; q range of 0.1-10 nm ! under Cu Ko radiation (A = 0.071 nm). The structural
morphology of the prepared silica gels was obtained using scanning electron microscopy
(JEOL, JEM-7500F, Japan). TEM images were examined using a transmission electron
microscope (JEOL, JEM-1200EX, Japan).

3. Results
3.1. FT-IR Spectra

FT-IR spectra for the prepared silica ionogels in wet and drying conditions are given
in Figure S1. The appearance of a broad peak in the region of 3200-3700 cm~! is the
characteristic of the O-H stretching vibration of the Si-OH groups present in the gel, and
overlapping of H,O vibration was observed [54,55]. The peak at 1088 cm~! (Figure S1b)
is due to the presence of Si-O stretching vibration (vsi.0) and another peak at around
800 cm ™! is the characteristic of O-Si-O stretching vibration. The characteristic peaks of
the ionic liquid (CDHP) were observed in the spectra of ionogels at 1080 and 955 cm ™!
(Figure 1), corresponding to P=O and P-OH of dihydrogen phosphate ions, respectively [56].
Further, the appearance of the peak in the range of 2826-2996 cm~! (Figure Sla) is mainly
due to the alkyl groups of ethanol formed during the sol-gel reaction, which completely
disappeared in the spectra of the freeze-dried gel (Figure S1b). The introduction of higher
ionic liquid concentrations increased the intensity and broadening of the peak position
of Si-O stretching vibration. This clearly indicates that the introduction of an ionic salt
(CDHP) promotes the formation of highly dense silica networks, thereby strengthening the
silica gel structure. The increase in the intensity of the Si-O vibration of ionogels confirms
the presence of strong ionic interaction between silica particles and ionic liquid, which was
also proved from the particle size measurements (Figure 54).

3.2. TGA Analyses

The thermal stability of the wet gel was determined using TGA, and their respective
thermograms are depicted in Figure S2. All the gel samples exhibited weight loss at around
100 °C, which corresponds to the elimination of alcohol and residual water formed during
the sol-gel hydrolysis of alkoxysilane and condensation of silanol groups [57]. The %
weight loss at 100 °C is given in Table 2.

The % weight loss at 100 °C for control gel (without IL) was found to be 13.1%, whereas
gel prepared with a higher IL content (IL 10.0) shows 8.5%. The confinement of ionic liquid
inside the pores of the silica gel matrix prevents the evaporation of solvent formed during
hydrolysis and condensation stages. However, higher temperatures (>100 °C) can cause
the continuous evaporation of bound water adsorbed on the pore walls of the silica matrix.
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The minimum weight loss at 100 °C is similar to that reported by Ashby et al. [58] for
silica ionogels. The decrease in weight loss percent at 100 °C provides evidence about the
confinement of IL in the pores of gels [59]. The wet silica gel samples exhibiting weight
loss at around 150 °C could be attributed to the loss of bound water present in the pores of
the gel and some hydroxyl groups present on the surface [19]. Yoshizawa-Fujita et al. [60]
reported that dihydrogen phosphate salt is thermally stable up to 200 °C. Here, the gels
prepared with IL showed weight loss at onset temperature 200 °C due to the presence of
IL in the gel matrix [61]. Further, significant weight loss was observed at around 350 °C,
which is attributed to the thermal decomposition of organic moieties present in the gels [62].
Moreover, silica provides more protection to the entrapped ionic liquid, which allows it to
remain stable for a longer period. This may be the reason why the gel sample without IL
exhibited higher weight loss compared with the gel with IL exhibiting more stability at 200
and 350 °C [63,64]. A similar kind of behavior in the improvement of ionic liquid thermal
stability was observed by Vekariya et al. [25]. Overall, gels prepared using IL exhibited
higher thermal stability compared with the control gel.

% Transimttance

T T v T T T . T T
1600 1400 1200 1000 800 600
Wavenumber (cm™)

Figure 1. Expanded regions (600~1600 cm ') of FT-IR spectra for the wet silica ionogels.

Table 2. TGA data of wet silica ionogels.

Codes TGA
Weight Loss at 100 °C (%)
IL O 13.1
IL 0.1 11.6
IL 0.5 10.9
IL 1.0 10.2
IL 3.0 9.4
IL 5.0 9.2
IL 10.0 8.5

3.3. N Adsorption Isotherm

Figure 2 depicts the N, adsorption-desorption isotherms of control silica gel (IL 0)
and ionogel (IL 10). The isotherms are typical type IV, indicating a mesoporous nature
according to IUPAC classification [65]. Control silica gel shows an H2 hysteresis loop of a
type IV isotherm, whereas the ionogel shows an H3 hysteresis loop of type IV, representing
mesoporous materials. The isotherm of the H3 loop with a sharp upturn in the high
relative pressure range was observed for silica ionogels that underwent freeze-drying. This
indicates that the pore network is comprised of macropores in the structure where the
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liquid is not completely condensed [66]. The average pore size of the control gel was found
to be 10.7 nm, whereas the pore size of the ionogel was 12.2 nm. It is clearly observed that
on increasing the ionic liquid content in the gel, the average pore size increases. Such an
obvious trend of pore size was reported for an ionogel prepared by loading ionic liquid in
a porous silica gel matrix [67].
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Figure 2. N, adsorption/desorption isotherm plot for the prepared gel samples.

3.4. Solid-State NMR Spectra

The formation of a silica network structure was confirmed using >Si solid-state NMR,
and the spectra are provided in Figure S3. The ??Si NMR spectrum of the control gel (IL 0)
gives three major signals at —93, —103, and —111 ppm, corresponding to Q?,Q3, and Q*
environments, respectively [68,69]. All the gel samples exhibited a prominent Q* peak at
around —110 ppm. This shows the formation of completely condensed silica species. The
introduction of ionic liquid favors the formation of a more interconnected network structure.
On increasing the concentration of IL, the peak intensities of Q? and Q3 environments
decreased. In the case of IL 10.0, only one single broad peak was observed at —112 ppm.
The appearance of the Q* peak confirms the formation of a completely condensed network
structure. The increase in IL concentration accelerates the condensation of silanol groups
present in silica ionogel surface [19]. This is evidence of the formation of a completely
interconnected silica network structure. Overall, 2°Si solid-state CP/MAS NMR spectra
provide clear information about the highly cross-linked and condensed states of siloxane
linkages present in the gels.

3.5. Rheological Studies

The viscoelastic properties of the silica sols prepared using ionic liquid were studied
by time-dependent rheological measurements at 25 °C. The time-dependent rheological
curves are given in Figure 3. All the prepared gel samples exhibited a G" > G” trend, which
is the characteristic feature of a strongly viscoelastic gel system [70]. The gelation time
was defined as the time required to reach a constant storage modulus G’ of a viscoelastic
material [71]. We noted the gelation time as the maximum time required to reach a constant
modulus value. In the case of gel prepared without ionic liquid (IL 0), the sol took more
time to become a gel and the gelation time was higher (tg = 1800 s). The addition of
ionic liquid enhances the cross-linking, thereby decreasing the gelation time, which can be
seen from gelation time values for the gel prepared with IL. The decrease in gelation time
was observed for imidazolium ionic liquid bearing organically modified silica (ORMOSIL)
compared with pure silica [72]. Moreover, DNA ionogels containing IL (1-ethyl-3-methyl
imidazolium chloride) show a decreasing trend in gelation time from 400 to 250 s for
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1% and 5% IL concentrations, respectively [73]. Sannigrahi et al. [74] reported that the
addition of a higher polymer concentration and lower gelation temperature allows faster
gelation time and rate in the gelation kinetics of polybenzimidazole in phosphoric acid
solution. The gelation time for the gel prepared with a higher IL (IL 10.0) content was
1100 s. The gel prepared with IL (10 wt %) showed a higher G’ value than that of gel
without ionic liquid. This can be attributed to the enhancement of cross-linking and ionic
interaction between silica particles and IL. Further, we could observe a very steep rise
in the complex viscosity (n*) of the silica sol system prepared using ionic liquid. Similar
results were reported by Dawedeit et al. [75] for the sol solution of low-density aerogel.
Overall, it is shown that silica ionogels with tunable gelation time can be prepared by
varying different concentrations of ionic liquid. The gelation time is a measure of the
elastic and viscous behavior of a viscoelastic material. The introduction of an ionic liquid
promotes the formation of a more interconnected silica network structure. This clearly
proves the strong interaction between silica particles and ionic liquid, which enhances
network formation [76].
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Figure 3. Time-dependent rheological studies of storage modulus (G’), loss modulus (G”), and complex viscosity (n*) for

the silica sols prepared using ionic liquid.

3.6. Particle Size Analyses

The role of IL in the particle size of silica ionogel ground powder was studied us-
ing particle size measurement and their particle size distribution (PSD) plot, provided in
Figure S4. The Z-average particle size (radius) of gel prepared without ionic liquid was
found to be 470 nm. The particle size increased upon the addition of ionic liquid for 3 wt %
of IL. The particle size of silica ionogel (IL 3.0) was 506 nm, with an increase in intensity
of the peak. Further, addition of IL gives a bimodal size distribution, whereas the control
gel shows only a monomodal size distribution. The PSD plot of IL 10.0 shows two peaks
correspond to primary silica particles at 95 nm and agglomerated silica particles at 578 nm.
The presence of a higher amount of IL may agglomerate the silica particles [52,53]. Accord-
ing to Dai et al. [18], the high ionic strength of ionic liquids increases the rate of particle
aggregation when used as the solvent for the sol-gel process. This is clearly evident from
the increased particle size with respect to ionic liquid content. However, the appearance
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of bimodal size distribution for IL 10 resulted from the increased grinding time, since a
high grinding time decreases the volume of bigger particles and creates agglomeration of
smaller particles similar to primary particles [77]. The presence of larger-sized agglomer-
ated particles clearly demonstrates the presence of ionic interaction between silica particles
and IL [54,55], which is already seen from the increase in intensity of Si-O vibration from
FT-IR spectra (Figure S1).

3.7. XRD Analyses

The X-ray diffraction patterns for the freeze-dried gels are depicted in Figure S5. XRD
patterns provide information about the amorphous nature of the gel samples. All the
gel samples exhibit an amorphous nature and no crystalline pattern was observed in
the entire range. The X-ray diffraction of all the gel samples shows a broad peak at
22°, corresponding to the characteristic of an amorphous silica (Si-O ordered structure)
backbone [78]. The introduction of ionic liquid does not alter the amorphous nature of
the silica unit. Further, the increase of ionic liquid content broadens the intensity of the
amorphous silica peak [79]. Ionic liquid favors the formation of a more interconnected
silica network upon increasing the concentration of ionic liquid [80], which increases the
peak intensity at 20 = 22°. This clearly shows that the addition of IL does not affect the
backbone of the silica network and helps to enhance gel network formation.

3.8. SAXS Analyses

The structural information of the ionogels was investigated using SAXS measurements.
Figures S6 and S7 represent SAXS patterns of silica ionogels with different ionic liquid
concentrations. SAXS patterns of silica ionogels are in agreement with the mesoporous silica
structure [81]. It can be seen from the SAXS patterns that a strong signal was observed at the
low q region for all the gel samples irrespective of ionic liquid concentration. The observed
signal is in accordance with q~* behavior corresponding to amorphous behavior [82]. A
similar kind of peak interference with a peak maximum at q = 0.8 nm~! was already
reported by Smarsly et al. [83] for mesoporous silica materials. Moreover, the scattering
intensities of SAXS of ionogel samples indicate that silica gel matrix formed a network
structure. Further, the silica gel matrix consists of agglomerated silica nanoparticles [84].
The increase in scattering intensity of the peak in the lower q range is due to the formation
of more silica networks with respect to ionic liquid content [85].

3.9. SEM Studies

The structural morphology of the prepared gels was investigated using scanning
electron microscopy, and their images given in Figure 4. The morphology of the control
gel sample (Figure 4a) shows a denser structure with small particles because of the large
shrinkage that took place during the aging process [86], whereas gel prepared with a
smaller amount of IL exhibits a slightly porous structure with larger particles (Figure 4b).
In the case of a higher amount of IL (5 and 10 wt %), the surface shows a highly porous
structure [11-13]. The addition of IL to the silica gel dramatically influences the surface
of the ionogels (Figure 4c,d). The presence of a higher size of silica particles ranging from
50 to 100 nm with disk-shaped pores has been reported for silica aerogel prepared with
different types of ILs [57].

3.10. TEM Studies

The porous structure and particle nature of the prepared gels were analyzed using
TEM, and their images given in Figure 5. The control gel (IL 0) sample shows a linked
network structure of smaller silica particles [87]. Moreover, the smaller spherical silica
particles are less uniform in shape [88]. TEM images of all the gel samples show a dark
region corresponding to the silica gel matrix and a bright spot representing the distinct
pores present in the gel [89]. The structure of the silica is in an aggregated state when the
concentration of the ionic liquid is increased. In the case of a higher IL content (IL 3.0), the
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structure of the gel becomes more porous, which can be seen in Figure 5d (marked with
a white-colored arrow). TEM images provide a clear picture of the porous structure and
particle nature of the prepared silica gels.

Figure 4. SEM images of silica ionogels: (a) IL 0 (x50 K), (b) IL 1.0 (x100 K), (c) IL 5.0 (x30 K), and
(d) IL 10.0 (x50 K).

3.11. Biocompatibility Studies of the Ionogels

Cytocompatibility of the silica ionogel samples was studied using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. Immortalized human epi-
dermal keratinocytes HaCaT and Swiss fibroblast S3T6 cells were used for the assay.
Twelve thousand cells per well were seeded in 48-well tissue culture plates and incubated
for 24 h in a CO, incubator at 37 "C for the proliferation of cells. The seeded plates were
treated with different concentrations (1, 5, 10, 25, 50, 75, and 100 pg/mL) of all the gel
samples (IL 0, IL 0.1, IL1.0, IL 3.0, IL 5.0, and IL 10.0). Then, after 24 h of incubation, MTT
solution (0.5 mg/mL) was added and incubated for another 4 h at 37 °C. The formazan
complex was solubilized with dimethyl sulfoxide, and adsorption was measured using a
microplate reader at 570 nm.

The cytocompatibility of the ionogels with different concentrations of ionic liquids for
Swiss fibroblast and HaCaT cells is presented in Figure 6. The % cell viability of IL. 0 was
found to be 76.75% and 99% for the lowest concentration of 1 ug/mL in Swiss fibroblast and
HaCaT cells, respectively. In the case of the highest concentration of 100 ug/mL, the % cell
viability was 17.43% and 20.3% in Swiss fibroblast and HaCaT cells, respectively. In the case
of IL 0.1, 89.9% and 98% cell viability was observed for the lowest concentration of 1 ug/mL
in Swiss fibroblast and HaCaT cells, respectively. In the case of a higher concentration
(100 pg/mL), the % cell viability was estimated as 19.45% and 23.1% in Swiss fibroblast
and HaCaT cells, respectively. The half-maximal inhibitory concentration (ICsp) value was
observed above 10 pg/mL for both cells. The gel sample IL 1.0 showed 85.6% and 95% cell
viability for the minimum concentration of 1 ug/mL in Swiss fibroblast and HaCaT cells,
respectively. The cell viability was reduced to 32.4% and 13.9% in Swiss fibroblast and
HaCaT cells, respectively, for the higher concentration of the 100 nug/mL sample. The IL 3.0
sample exhibited 80.8% and 97% viability for both cells at the minimum concentration of
1 ug/mL, whereas the higher dose (100 p1g/mL) showed 22.9% and 27% viability for both
types of cells. The MTT assay indicates that 99.5% and 97% viability of cells was observed
for IL 5.0 in both cells with a dose of 1 ug/mL. The higher dose of 100 ng/mL relatively
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showed 20% and 16% in the tested cells. The IL 10 sample clearly exhibited 88.46% and
89% cell viability for the 1 ug/mL dose concentration in Swiss fibroblast and HaCaT cells,
respectively. The cell viability was observed as 20% and 21.5% in the 100 pg/mL dose of
the sample in both the cells. Overall, more than 50% cell viability (Swiss fibroblast and
HaCaT cells) was observed for all the gel samples till the 10 ug/mL concentration. The
micrographs of the Swiss and HaCaT cell lines treated with various gel samples with a
concentration 1 ug/mL are provided in Figures 7 and 8. It can be observed from Figure 6
that gel samples provided very good viability and proliferation to HaCaT cell lines for the
different concentrations of ionic-liquid-loaded ionogel samples (>90%). The addition of
ionic liquid greatly influenced the Swiss cell viability of the IL 5.0 sample (99.5%) compared
with the gel without ionic liquid (IL 0 (76%)). After 5% IL content, the Swiss cell viability
decreased to 88%. The MTT assay clearly indicates that the prepared gel samples exhibit
very good biocompatibility, which helps us to encapsulate biomolecules and retain their
stability over a period.

Figure 5. TEM images of the prepared silica ionogels: (a) IL 0, (b) IL 0.1, (c) IL 0.5, and (d) IL 3.0.
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Figure 6. MTT assay of all the gel samples with 1 ug/mL concentration on Swiss and HaCaT

cells, respectively.
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Figure 7. Morphological changes observed in the Swiss cells for the treatment with gels samples for
a concentration of 1 pg/mL.

Figure 8. Morphological changes observed in the HaCaT cells for the treatment with gels samples for
a concentration of 1 pg/mL.

4. Conclusions

We have successfully synthesized silica-based ionogels using a biocompatible green
solvent called choline dihydrogen phosphate ionic liquid at room temperature. The role of
IL in the structural, thermal, viscoelastic, and morphological properties was investigated
using various analytical techniques. FT-IR spectra confirmed the formation of a silica
network structure and the presence of ionic liquid in the gel matrix. TGA studies showed
that the confinement of IL improves the thermal stability of the prepared gels. Moreover,
the formation of a siloxane network structure was evidenced from 2’Si solid-state NMR
spectra. The presence of ionic liquid improves the rheological properties of the silica sols.
Rheological studies show that gels with tunable gelation times can be prepared by changing
the amount of IL. XRD patterns clearly indicate the amorphous nature of the prepared gels.
Furthermore, SEM and TEM images confirm the particle structure and porous nature of the
gel samples prepared with ionic liquid. The MTT assay confirmed that all the gel samples
exhibit 50% cell viability in Swiss and HaCaT cells for concentrations up to 5 pg/L. Hence,
these ionogels could act as an excellent host material for biological molecules.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2076-341
7/11/1/206/s1, Figure S1: FT-IR, Figure S2: TGA, Figure S3: Solid-state NMR, Figure S4: Particle
size, Figure S5: XRD, and Figures S6 and S7: SAXS.
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