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ABSTRACT: The main objective of this work was the
development and characterization of sustainable electro-respon-
sive ionic liquid-based cationic copolymers. For this purpose
degradable semi-interpenetrating polymer networks (s-IPNs)
based on starch and on ion-conducting cationic copolymers of 2-
hydroxyethyl methacrylate (HEMA) and 1-butyl-3-vinylimidazo-
lium chloride (BVImCl), cross-linked with N,N′-methylenebis-
(acrylamide) (MBA), were synthesized by following principles of
green chemistry. Cross-linked poly(HEMA-co-BVImCl) copoly-
mers were also prepared for comparison. The resulting cationic
hydrogels (copolymer and s-IPNs) were characterized in terms of
their physicochemical, thermomechanical, morphological, and
electrochemical properties, as well as in terms of cell viability and
proliferation against fibroblast cells. Furthermore, the electro-
assisted sorption/release capacity of the prepared hydrogels toward L-tryptophan (used as a model biomolecule) was also
studied at different applied DC voltages (0, 2, 5, and 100 V). Results demonstrated that the properties of the synthesized
hydrogels can be tuned, depending on their relative chemical composition, presenting electronic conductivity and ionic
conductivity values in the 0.1 to 5.2 S cm−1 range, and complex shear modulus in the 0.6 to 6.4 MPa range. The sorption/
release capacity of the s-IPNs after 3 h at 25 °C can also be modulated between 2.5 and 70% and 4.5 and 40%, depending on the
applied DC voltage and/or sorption/release medium. Finally, none of the synthesized cationic hydrogels induced fibroblast cells
lysis, although s-IPNs had a lower impact on cell proliferation than poly(HEMA-co-BVImCl) copolymers, indicating a favorable
effect of starch on the biocompatibility of the synthesized s-IPNs. The designed cationic hydrogels could be useful for the
development of efficient, stable, degradable and cheaper soft and multiresponsive platforms with potential applications in
bioseparation processes, wastewater treatment systems (e.g., pharmaceutical), biomedical devices (e.g., sustained delivery of
specific charged-biomolecules), and nonleaching electrochemical devices.

KEYWORDS: Semi-interpenetrating polymer networks, Starch, Polymerizable imidazolium-based ionic liquids, L-Tryptophan,
Electro-assisted sorption/release, Electric stimuli-responsive hydrogel

■ INTRODUCTION

Stimuli-responsive hydrogels, also called “smart” hydrogels, are
defined as hydrophilic three-dimensional cross-linked networks
that are able to absorb high amounts of water and to respond
to different external or internal applied stimuli (e.g., ionic
strength, pH, temperature, light and electrical field) through
changes in their structures (e.g., swelling, shrinking and/or
bending).1 In recent years much effort has been made to
engineer smart multiresponsive hydrogels presenting improved
functionalities such as fast response to the applied stimulus,

high mechanical stability, biodegradability, biocompatibility
and low cost.2−4

Biocompatible electrically responsive hydrogels represent an
interesting subclass of stimuli-responsive materials since they
present narrow and precise response under fine and tunable
control of the applied stimuli, e.g. intensity, orientation and
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duration of the applied electrical current.5,6 These materials
may find a broad range of applications in biomedicine, for
instance as components of tissue engineering scaffolds, as soft
electro-actuators, and as controlled release/sorption systems
for bioactive molecules, mostly due to their biocompatibility,
soft nature and high water swelling capacity, which make them
able to mimic different living tissues.7−12

Polyelectrolytes can endow hydrogels with electro-activity
relying on ion-conduction mechanisms that result from the
interactions between conductive ions and the ionized func-
tional groups present in the polyelectrolyte backbone. In some
cases, ion-conductive materials also present electric con-
ductivity in response to an external applied electrical field
due to mechanisms not yet completely understood.13 Examples
of natural- and synthetic-based ion-conducting electro-active
polyelectrolytes include chitosan and poly(acrylic acid),
respectively.14−17

Multifunctional tailor-made electro-responsive polyelectro-
lytes can be successfully obtained through the chain-growth
polymerization of vinyl-functionalized ionic liquids.18 Poly-
(ionic liquid)s (PILs) combine the properties of monomeric
ionic liquids (ILs), such as task-specific design, negligible vapor
pressure, broad electrochemical window and high ionic
conductivity19−28 with the mechanical properties of polymers,
originating a new subclass of polyelectrolytes which may
present promising electro-responsive properties.19,29−34 Pre-
vious studies have shown that the ionic conductivity of PILs is
highly influenced, for example, by the cation/anion chemical
structure of the IL monomer, by the presence of spacers in
PIL’s molecular structure and by PIL’s molecular weight,
structural organization and glass transition temperature.30,35,36

The main advantages of using PILs as electro-active
hydrogels include the fact that PILs are not pH sensitive
polyelectrolytes (i.e., they may stay ionized over broad pH
ranges), and they do not require the use of dopants to be
electrically active since the ionic conductivity is promoted by
the diffusion of the IL counterions (anions or cations
depending on the vinyl-functionalized moiety that constitutes
the PIL backbone). Nevertheless, the application of PILs is
hampered in low ionic strength aqueous solutions since these
materials usually behave as superabsorbent hydrogels, due to
their high intrinsic charge density, leading to significant loss of
mechanical and structural/morphological stability. Moreover,
important issues such as PILs biocompatibility and biodegrad-
ability have been almost completely neglected so far.
The development of IL-based copolymers and/or IL-based

interpenetrating polymer networks (IPNs) are interesting
alternative strategies that can contribute to overcome some
of those issues. According to the IUPAC definition, IPNs are
polymers comprising two or more networks which are at least
partially interlaced on a molecular scale, but not covalently
bonded to each other, and cannot be separated unless chemical
bonds are broken. When the networks can be separated these
materials are known as semi-interpenetrating polymer net-
works (s-IPNs).37 IPNs and semi-interpenetrating polymer
networks (s-IPNs) allow combining specific properties of
different polymer networks (e.g., mechanical resistance,
stimuli-responsiveness, biocompatibility, etc.) to obtain a
different material presenting improved and/or new task-
specific tailored properties.37−39 PIL-based IPNs and s-IPNs
have been recently purposed for the development of matrices
for proteins encapsulation,40 stretchable electronics,41 actua-
tors and/or electrochromic devices,42 multistimuli responsive

sensors,43 anion-exchange membranes44 and gas separation
membranes.45

The main motivation of this work was the development of
more stable, sustainable and cytocompatible electric stimuli-
responsive IL-based hydrogels. With this in mind, poly-
(HEMA-co-BVImCl) copolymers, composed of 2-hydroxyethyl
methacrylate (HEMA) and by 1-butyl-3-vinylimidazolium
chloride (BVImCl) cross-linked with N,N′-methylenebis-
(acrylamide) (MBA) and s-IPNs composed of starch (St)
and poly(HEMA-co-BVImCl) copolymers were synthesized
and characterized. The use of poly(HEMA-co-BVImCl)
instead of poly(BVImCl) aims to improve the mechanical
stability of the polycationic hydrogel, while maintaining PIL
characteristic properties. Moreover, the comonomer HEMA
can be regarded as a spacer that may enhance the ionic
conduction of chloride anions through the copolymer matrice,
and that also may lead to a decrease of the final cost of the
envisaged devices (considering HEMA and BVImCl relative
costs). s-IPNs were developed in order to evaluate their
potential to tune the properties of the prepared poly(HEMA-
co-BVImCl) copolymer by incorporating starch, at different
relative compositions, in their final structures. The obtained
hydrogels were characterized for their swelling capacities in
different media, thermomechanical stabilities, ionic/electric
conductivities, tunable capacities to remove/release a charged
biomolecule from different media, and cytocompatibility with
fibroblast cells.
Finally, it is important to refer that an effort was made to

synthesize the s-IPNs by following principles of green
chemistry. This was accomplished by employing: (i) simple
one-pot synthesis procedures at mild conditions, chemically
stable and low volatile reactants and water as the reaction
solvent; (ii) biodegradable compounds (starch) or compounds
that can be degraded originating nontoxic derivatives (HEMA
and BVImCl); (iii) small amounts of BVImCl (the functional
monomer) in comparison with other IL-based liquid−liquid
extraction/separation processes; (iv) small amounts of
polymerization catalyst (thermal initiator); and (v) starch (a
biodegradable, biocompatible, readily available and cheap
renewable feedstock46−48) as a strategy to tune the properties
of the poly(HEMA-co-BVImCl) copolymer. Moreover, the
proposed strategy originates hydrogels that present long-term
stability in aqueous media, avoiding BVImCl leaching/leakage
during usage, and consequently avoiding air/water contami-
nation.

■ MATERIALS AND METHODS
Materials. Water-soluble potato starch (St); 2-hydroxyethyl

methacrylate (HEMA, 97%), N,N′-methylenebis(acrylamide) (MBA,
99%); 2,2′-azobis (2-methylpropionamidine) dihydrochloride (AIBA,
97%); L-tryptophan (Try, ≥98%) and potassium sulfate (used to
create a controlled relative humidity (RH) ≥90% at 25 °C) were
obtained from Sigma-Aldrich. The ionic liquid 1-butyl-3-vinyl-
imidazolium chloride (BVImCl, 95%) was acquired from Io-Li-Tec,
Germany. For the cells assay, BALB/3T3 clone A31 cells (CCL-163)
were obtained from ATCC, Dulbecco’s modified Eagle’s medium
(DMEM)/F12 Ham nutrient mixture and the cell proliferation
reagent MTT were obtained from Sigma-Aldrich, while the
cytotoxicity detection KitPlus (LDH) was obtained from Roche.
Buffer solutions used for the water swelling capacity and/or electro-
sorption measurements were phosphate buffered saline (PBS, pH =
7.4, I = 0.169 M) from Sigma-Aldrich, a phosphate buffer (PB, pH =
7.14, I = 0.027 M), an acetate buffer (AB, pH = 4.0, I = 0.008 M) and
Trizma base buffer (TRIZ, pH = 9.9, I ≈ 0 M), which were prepared
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as follows (for 500 mL): (i) PB, 0.31 g of monobasic sodium
phosphate (NaH2PO4) and 0.52 g of sodium phosphate dibasic
(Na2HPO4), both from Riedel-de Haen, dissolved in bidistilled water;
(ii) AB, 0.07 g of sodium acetate 3-hydrated (CH3COONa.3H2O)
from Panreac and 0.20 mL of acetic acid (CH3COOH) from Fluka,
dissolved in bidistilled water; and (iii) TRIZ, 0.5 g of Trizma base

(NH2C(CH2OH)3) from Sigma-Aldrich, dissolved in bidistilled
water. The final pH of all solutions was measured using a pH meter
(Standard pH Meter, Jenway).

Synthesis of s-IPN Hydrogels Based on Starch and
Poly(HEMA-co-BVImCl). s-IPNs studied in this work resulted from
the synthesis of cross-linked poly(HEMA-co-BVImCl) copolymers in
two aqueous starch solutions (0.5 and 1% w/v). Cross-linked

Table 1. Feed Compositions and Elemental Analyses of the Hydrogels Synthesized in Aqueous Media (6.44 mL)a

Hydrogels Code
St

(mg)
HEMA
(mmol)

BVImCl
(mmol)

BVImCltheo
(mmol IL/g dry sample)b

BVImClexp
(mmol IL/g dry sample)c

Poly(HEMA) poly(HEMA) − 12.37 − − −
Poly(HEMA-co-BVImCl) poly(HEMA-co-

BVImCl)
− 9.28 3.09 1.717 0.974 ± 0.0978

sIPN_Poly(HEMA-co-BVImCl)
_0.5%St

s-IPN/St0.5 32.2 9.28 3.09 1.717 0.933 ± 0.1607

sIPN_Poly(HEMA-co-BVImCl)
_1.0%St

s-IPN/St1.0 64.4 9.28 3.09 1.717 1.082 ± 0.0079

aFixed amounts of cross-linker, N,N′-methylenebis(acrylamide) (MBA) and of initiator, 2,2′-azobis(2-methylpropionamidine) dihydrochloride
(AIBA) were employed for all samples (0.0616 and 0.0247 mmol, respectively). bRatio between the number of moles of BVImCl and the total
weight of fed reactants (HEMA+BVImCl+MBA+AIBA). cCalculated from elemental analysis data as detailed in Supporting Information (Table
S1).

Figure 1. Schematic representation of the hydrogels’ chemical structure.
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poly(HEMA-co-BVImCl) copolymers and the homopolymer poly-
(HEMA) were also synthesized for comparison purposes (synthesized
in the same volume of water used for the starch solutions).
Poly(HEMA) presents phase separation during polymerization in
aqueous media, depending on the initial HEMA/water ratio.49 In this
work, the chemical composition of the prepared copolymers was
chosen to fall in the phase diagram region where macroporous phase-
separated hydrogels are formed, assuming that the incorporation of
BVImCl into the mixture does not significantly change the typical
phase separation behavior observed for poly(HEMA).
Comonomers (HEMA/MBA/BVImCl) were dissolved under

stirring for 24 h at room temperature in water to prepare
poly(HEMA) and poly(HEMA-co-BVImCl), or in starch solutions
to prepare s-IPNs. Starch solutions (0.5 and 1.0 wt %) were
previously obtained by dissolving starch in bidistilled water at 100 °C
for 15 min under stirring to obtain transparent and homogeneous
solutions that were then cooled to room temperature. Higher starch
concentrations were tested but they were not considered in this work
because they originated nonhomogeneous s-IPNs (phase separation
visible at naked eye) that presented low mechanical stability, probably
due to the higher viscosity that may hinder copolymerization/cross-
linking reactions.
Cross-linked poly(HEMA-co-BVImCl) was obtained by free radical

polymerization using MBA as a cross-linker agent (0.5% on molar
basis, relatively to the total number of mole of monomers in solution),
and AIBA as a thermal initiator (0.2% on molar basis, relative to the
total number of moles of monomers in solution). The above indicated
solutions were sonicated for 5 min to remove oxygen and inserted in
Teflon squared molds (10 × 10 cm) separated by 2 mm using a
silicon spacer. The molds were placed in an oven at 50 °C for 8 h and
then at 70 °C for 24 h to ensure complete polymerization. The
obtained opaque hydrogels were washed in distilled water (2 L
replaced twice a day for 3 days) to remove any unreacted monomers.
After washing, half of each sample was oven-dried at 50 °C for 48 h
and the other half was freeze-dried (using a freeze drier from Telstar,
Lyoquest 85 Plus, Spain) at −80 °C under vacuum (0.1 mPa) for 48
h. The chemical composition and the schematic structure of the
cationic hydrogels prepared in this work are presented in Table 1 and
Figure 1, respectively. Hydrogel samples were coded as indicated in
Table 1 for simplicity.
Characterization of the Hydrogels. Chemical Analysis.

Attenuated total reflection Fourier transform infrared (FTIR-ATR)
spectra were acquired using a spectrophotometer (PerkinElmer,
Spectrum Two, U.K.) at 128 scans and 4 cm−1 resolution between
400 and 4000 cm−1. Elemental analysis was performed to determine
the chemical composition of the prepared samples after synthesis and
washing procedures. The analysis was carried out in triplicate for each
sample in an elemental analyzer (Fisons Instruments, model EA1108
CHNS-O) by the differential thermal conductivity method.
Morphological Properties. A scanning electron microscope (Jeol,

model JSM-530, Japan) coupled with energy dispersive X-ray
spectroscopy analysis (Phillips, EDX Genesis, model XL 30) was
used to observe the morphology (surface and cross section) of freeze-
dried hydrogels, as well as the distribution of BVImCl through the
prepared hydrogel matrices (by elemental mapping). Scanning
electron microscopy energy dispersive X-ray spectroscopy (SEM-
EDX) micrographs were obtained at 10 keV for gold-sputtered
samples under an argon atmosphere.
Thermomechanical Properties. The thermal stability of freeze-

dried hydrogels was measured using a thermogravimetric analyzer
(TA Instruments, Q500, USA). Samples (±10 mg) were dried at 50
°C under vacuum for 24 h before analysis. Measurements were
conducted from 25 up to 600 °C at a heating rate of 10 °C/min,
under nitrogen atmosphere with a flow rate of 40 mL/min. Samples
were also analyzed by differential scanning calorimetry (DSC-Q100
equipment from TA Instruments), applying consecutive heating
(from 40 up to 150 °C), cooling (from +150 down to −80 °C), and
reheating (from −80 up to +200 °C) runs at 10 °C/min, under
nitrogen atmosphere (50 mL/min). Samples (±7 mg) were dried

before analysis (by freeze-drying) to remove residual water and then
sealed immediately in aluminum pans.

The mechanical performance of freeze-dried hydrogels was
accessed using a temperature-controlled stress rheometer (ModelRS1,
Haake, Vreden, Germany), with a cylindrical sensor system Z34 DIN
connected to a temperature-controlled recirculation bath (Haake
Phoenix II). Rheological measurements were performed in oscillatory
shear mode at a constant shear stress of 100 Pa, and at a frequency
sweep of 0.1−100 rad/s at 25 °C. Samples were kept in bidistilled
water for 24 h before measurements. Circular shaped water-swollen
discs (2 cm diameter and ±2 mm thickness) were placed between the
rotatory and the stationary surfaces separated by a fixed gap of 1.5
mm. The complex shear modulus of the samples was calculated
following a procedure previously reported in the literature.50

Measurements were replicated for each sample (at least twice).
Swelling. The water swelling capacity (WSC) of freeze-dried

hydrogels was measured at 25 °C in three different aqueous media,
having different pH and ionic strength (I) values, namely bidistilled
water; phosphate buffer (I = 0.027 M; pH = 7.0) and phosphate
buffered saline (I = 0.169 M; pH = 7.4). Dried samples were weighed
and then immersed into 15 mL of each medium. At predefined time
intervals, swollen samples were weighed (after removing the excess of
surface water using a filter paper) and immersed again into the
corresponding medium. This process was repeated at pre-established
time intervals of 30 min (for the first 3 h), 1 h (for the following 5 h),
once a week (for two months) and again after five months. The pH of
each medium was checked during measurements (using a Standard
pH meter, Meter Lab). The WSC capacity was calculated as the ratio
between the weight of water absorbed at time t and the initial weight
of the film (before immersion, t = 0), and the results are presented in
terms of gwater/gdried hydrogel.

The water vapor sorption (WVS) capacity of freeze- and oven-
dried hydrogels was measured for samples previously dried at 50 °C
for 24 h under vacuum (Vacuum oven, J.P. Selecta, s.a.). Samples
were placed in Petri dishes and stored at 25 °C in hermetic flasks
containing a potassium sulfate saturated solution, to increase the
relative humidity (RH) of the flasks up to 90% (at 25 °C). Samples
were weighed after 24 h and returned to the RH controlled flask and
then weighed again after 48 h to guarantee that WVS equilibrium was
attained. The shape and size of the samples after each measurement
was monitored using a digital camera. The WVS capacity of the
samples was calculated as the ratio between the weight of water
absorbed at time t and the initial weight of the freeze- or oven-dried
samples, and results are presented in terms of gwater/gdried hydrogel (%).
Both WSC and WVS measurements were performed in duplicate.

Impedance Spectroscopy Measurements. Electrochemical impe-
dance spectroscopy (EIS) experiments were performed using a
potentiostat/galvanostat/ZRA, (Gamry Instruments, Reference 600).
A root-mean-square (rms) perturbation of 350 mV was applied over a
frequency range between 1.0 MHz and 0.1 Hz (ten frequency values
per decade), superimposed on a fixed potential difference of 0.10 V
between the two electrodes. Freeze-dried and oven-dried samples
were cut into a squared shape (1 cm2) and stored at 90% RH and
room temperature for 24 h, before EIS measurements. Samples were
then placed between two blocking electrodes (1 cm2, SS316 steel) in
the measurement cell in air. The spectra were fitted using appropriate
electrical equivalent circuits (ZView 3.2 software, Scribner Associates
Inc., U.S.A.). In this work the constant phase element (CPE) was
defined as CPE = {(Ciω)α}−1, where C is a constant, i is the square
root of −1, ω is the angular frequency and α is a parameter that varies
between 0.5 (for heterogeneous/porous surfaces) and 1.0 (for
homogeneous/smooth surfaces), and which reflects the nonuniform-
ity and the surface roughness of the material. The resistivity of the
hydrogels (ρ, MΩ cm) was obtained from Zw while the conductivity
(σ, S cm−1) was calculated as the inverse of the resistivity.

Electro-Assisted L-Tryptophan Sorption and Desorption Experi-
ments. Electro-assisted sorption and desorption experiments were
performed using a flatbed electrophoresis unit MULTI (Carl Roth,
Deutschland) at room temperature (±22 °C) which is composed of a
horizontal chamber with adjustable anode and cathode platinum
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electrodes, and which was connected to an electrophoresis power
supply EPS 500/400 (Pharmacia Fine Chemicals, Sweden). Electro-
assisted sorption experiments were carried out by placing the
electrodes (3 cm apart) over a polystyrene Petri dish containing a
fixed volume (∼20 mL) of aqueous solutions of the amino acid L-
tryptophan (Try) [50.3 mg/mL] dissolved in bidistilled water, TRIZ
and AB. Freeze-dried hydrogel samples (±20 mg) were previously
hydrated up to equilibrium in bidistilled water (for 24 h) and placed
in a midway position between the electrodes. L-Tryptophan (Try)
sorption experiments were conducted at different applied voltages (0,
2, 5 and 100 V) for 3 h and in each aqueous media (bidistilled water,
TRIZ and AB). The amount of Try removed from each solution by
the hydrogels with and without application of an electrical potential
was quantified (at 278 nm) using a previously obtained calibration
curve of Try in each aqueous media: bidistilled water ([Try] = 0.1981
× Abs, R2 = 0.998), TRIZ ([Try] = 0.1602 × Abs, R2 = 0.999) and AB
([Try] = 0.2057 × Abs, R2 = 0.999). Electro-assisted Try desorption
experiments were conducted at different applied voltages (0, 2 and 5
V), for 3 h, and employing the samples that were previously loaded at
2 V. The amount of Try released from the hydrogel was quantified
using the calibration curves referred above. Electro-assisted sorption
and desorption experiments were conducted at least in duplicate.
Cytocompatibility. Cytocompatibility studies were carried out

following the direct contact test (ISO standard 10993-5:2009) using
Balb/3T3 cells and by two different assays (cell viability, LDH and
cell proliferation, MTT). For both assays, Balb/3T3 cells (20.000
cells/well) were cultured in a 24-well plate for 12 h in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 Ham nutrient mixture
(Sigma-Aldrich, USA), supplemented with 10% fetal bovine serum
(FBS), 1% L-Glut 200 mM and 1% penicillin (10.000 UI/mL)/
streptomycin (10.000 μg/mL) solution, and kept in a humidified
atmosphere with 5% CO2, 90% RH at 37 °C. Freeze-dried hydrogels
were cut into pieces of approximately 16 mm2 and preincubated in
culture medium for 24 h. Samples were then sterilized for 30 min with
UV radiation (at both sides) and incubated on the cell monolayer for
24 h. The LDH assay was performed by mixing aliquots (100 μL) of
the cell culture medium with the reaction medium (100 μL). The
positive control (100 μL of medium of lysated cells with Triton X-
100) and the negative control (100 μL of medium with no lysozyme
cell content) were also mixed with the reaction medium (100 μL).
Plates were incubated for 15 min at 15−25 °C, protected from light,

and the absorbance at 490 nm was immediately measured in (UV Bio-
Rad Model 680 microplate reader, USA). The cell viability was
calculated using eq 1):

=
−

−
Cell viability (%)

Abs Abs

Abs Abs
exp negative control

positive control negative control (1)

Cell proliferation was measured following the protocol of the Cell
Proliferation Kit I (MTT). Briefly, culture medium and samples were
removed from wells, and the wells replenished with DMEM/F12
supplemented (250 μL). MTT labeling reagent (25 μL) was added
and the plate was maintained at 37 °C, 95% RH and 5% CO2 for 4 h.
The solubilization solution (250 μL) was then added, and the mixture
was kept at 35 °C, 95% RH and 5% CO2 overnight. Finally, the
absorbance was recorded at 550 nm (UV Bio-Rad Model 850
microplate reader, USA). Cell proliferation (%) was calculated using
eq 2):

= ×Cell proliferation (%)
Abs

Abs
100exp

control (2)

Statistical Analysis. The statistical analysis of the data obtained
was performed by the One-way ANOVA test. Statistical significance
was considered for p-values <0.05.

■ RESULTS AND DISCUSSION
Structural and Morphological Characterization. The

chemical composition of the obtained hydrogels was evaluated
by elemental analysis (Table 1) and FTIR-ATR (Figure 2).
The presence of the IL (BVImCl) in poly(HEMA-co-BVImCl)
and s-IPN samples was confirmed by the increase (>2.5 wt %)
in the amount of elemental nitrogen (from the imidazolium
cation) measured for these samples when compared to
poly(HEMA). The small amount of elemental nitrogen
measured for poly(HEMA) samples was attributed to the
cross-linking agent (MBA) and to the initiator (AIBA). The IL
content in all samples (with or without starch) was not
statistically different to within 5% and it corresponds to an
effective incorporation of BVImCl in the hydrogels of ∼0.58 ±
0.045% of the theoretical value (Table 1), as calculated from

Figure 2. FTIR-ATR spectra of the synthesized hydrogels. Samples are coded as poly(HEMA) (gray), poly(HEMA-co-BVImCl) (yellow), s-IPN/
St0.5 (blue) and s-IPN/St1.0 (black).
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elemental analysis results (Table S1, Supporting Information).
This result may be due to a low reactivity of the IL vinyl
monomer, when compared to HEMA (which was not
evaluated in this work), and/or IL loss while washing the
hydrogels.
The infrared spectra of all samples showed the characteristic

peak of HEMA, namely the CO ester bond at 1707 cm−1

(Figure 2A), CH2 bending, C−O stretching and CH3 wagging
at 1456, 1251 and 1156 cm−1, respectively (Figure 2B) and the
CH stretching vibrations at 2871 and 2945 cm−151−53

(Figure 2C). The characteristic peaks of BVImCl in the 1569−
1552 cm−1 range, assigned to the CC imidazolium ring
vibration,54,55 were observed in poly(HEMA-co-BVImCl) and
s-IPN hydrogels (Figure 2D). Additionally, poly(HEMA-co-
BVImCl) also presented a band at 2918 cm−1 which can be
assigned to CH aliphatic stretching of BVImCl.54 This band
was not distinguished for s-IPN because overlapping with the
broad bands observed at 2936 and 2944 cm−1 due to the C
H stretching of starch56,57 (Figure 2C). Finally, and when
compared to poly(HEMA), a significant shift of 11 cm−1 for
poly(HEMA-co-BVImCl) and of 24.5 cm−1 for s-IPNs were
observed in the OH stretch vibration region (3000−3600
cm−1) which may be justified by the higher hygroscopic nature
of these samples resulting from their higher hydrophilicity as
will be discussed later (Figure 2E). Finally, bands assigned to
vinyl vibration of HEMA and BVImCl monomers (1620−1680
cm−1)53,58,59 were not detected in any of the spectra
confirming that polymerization has occurred and/or that
unreacted monomers were successfully removed from the
hydrogels during washing.

The morphology of freeze-dried hydrogels and the elemental
mapping of nitrogen and chlorine distribution through the
hydrogel structures were analyzed by scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX), respectively (Figure S1, Supporting Information).
Oven-dried samples were also analyzed by SEM, but all of
them revealed compact structures, with no relevant differences
among them (data not shown). Hydrogels containing IL,
namely for poly(HEMA-co-BVImCl) and s-IPNs, presented a
macroporous structure with large interconnecting cavities,
being clearly different from the globular dense structure of
poly(HEMA). As previously discussed in the literature, the
observed globular structure of poly(HEMA) results from phase
separation that occurs as the water-soluble monomer HEMA is
being converted into nonsoluble poly(HEMA).49 The
presence of the IL in the copolymer backbone decreased the
original hydrophobicity of poly(HEMA), thus avoiding phase
separation. The cationic nature of the hydrogels induced high
water sorption capacities that led to the formation of
macroporous structures after removing water by freeze-drying.
Compared to poly(HEMA-co-BVImCl), s-IPNs exhibited
denser structures due to the entrapment of starch within the
macrocavities of the copolymer structures. EDX results
measured for the s-IPN/St1.0 showed a homogeneous
distribution of chlorine and nitrogen atoms (from BVImCl)
through the hydrogel structure.

Swelling. The water swelling capacity (WSC) of the
synthesized freeze-dried hydrogels was evaluated in different
media (bidistilled water, phosphate buffer (PB) and phosphate
buffer saline (PBS)) at 25 °C; the swelling profiles are depicted

Figure 3. Water sorption capacity (WSC) profiles of the synthesized hydrogels at 25 °C in different aqueous media: (A) bidistilled water, (B) PB
and (C) PBS. Symbols represent: poly(HEMA) (◊), poly(HEMA-co-BVImCl) (●), s-IPN/St0.5 (▲) and s-IPN/St1.0 (■). (D) Equilibrium water
sorption capacity data measured for the hydrogels at 25 °C after 24 h of immersion in different aqueous media: bidistilled water (□), PB (gray ■)
and PBS (■).
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in Figure 3. The WSC of the hydrogels after 24 h of immersion
in different media is also presented in Figure 3D for
comparison. In general terms, the WSC of the hydrogels
increased in the order PBS (I = 0.169 M) < PB (I = 0.027 M)
< bidistilled water (I ≈ 0 M). Water sorption equilibria
(plateau in WSC profiles) were promptly attained for all the
hydrogels (<1 h), which maintained their structural integrity
(in all the tested media and for at least 5 months). The WSC
of all polycationic hydrogels in bidistilled water (Figure 3A)
was much higher than that of neutral poly(HEMA). This effect
is a result of two mechanisms, namely the ionic pressure that is
established between the cationic hydrogel and water (which
presents negligible ionic strength) and the electrostatic
repulsion between positively charged monomers present in
the copolymer backbone. In the first case, water molecules
diffuse into the copolymer network to dilute the higher amount
of charges existing inside the hydrogel, up to a certain limit
(equilibrium) that is mainly defined by the mechanical elastic
response of the hydrogel. This means that the hydrogels swell,
up to a certain limit which highly depends on its cross-linking
degree. In the second case, electrostatic repulsion lead to an
increase in the free volume in-between copolymer chains
which favor water molecules to diffuse inside the hydrogel
network up to a certain swelling limit as mentioned above. The
effect of the ionic strength of the medium over the WSC of the
hydrogels can be seen in Figures 3B-3D. The WSC of the
hydrogels in saline media followed a similar trend to that
observed in water (poly(HEMA) < poly(HEMA-co-BVImCl)
< s-IPNs), however, and as expected, the presence of salts in
PB and in PBS led to a significant decrease in the WSC of the
cationic hydrogels (∼46% in PB and 63% in PBS) when
compared to WSC measured in pure water, and consequently
to a lower mechanical response of the hydrogels when
immersed in saline media. This result is justified by the higher
ionic strengths of the saline media (0.027 M in PB and 0.169
M in PBS) when compared to water, which led to a decrease in
the ionic pressure that is established between the hydrogel
network and the external media (in this case both the hydrogel
and the media have charges). As a consequence the amount of
water that diffuses inside the hydrogel decreases because the
difference between the number of charges inside and outside
the hydrogel network is lower and therefore equilibrium (or
charge dilution) is attained at lower WSC. Moreover the
anions present in the buffer saline solutions may also induce a
charge screening effect around the cationic groups of the
hydrogel decreasing the electrostatic cation−cation repulsions
between positively charged monomers also leading to a
decrease in the ionic pressure difference between the polymer
network and the external solution.60,61 The WSC of s-IPNs
were significantly higher than that of poly(HEMA-co-BVImCl)
(× 2 and ×2.4 for s-IPN containing 0.5 and 1.0 wt % of starch,
respectively) due to starch hydrophilic nature which favors
hydrogel−water interactions.62 The physicochemical and
functional properties of starch depend on the raw material
source (e.g., wheat, cassava, rice, maize, potato) and potato
starch (that was used in this work) has one the highest water
swelling capacities.63 The WSC of starch-based s-IPNs in PBS
(∼360%) is significantly higher than that observed for other
starch-based IPN systems, synthesized using acrylate-based
monomers.64,65

The water vapor sorption (WVS) capacity of freeze- and
oven-dried hydrogels is given in Figure 4. The equilibrium was
attained in 48 h and there was no significant influence of the

employed drying method on the WVS capacity of the
hydrogels at 25 °C and RH ≥ 90% (no statistical difference
at p-value >0.05). The WVS capacity of the hydrogels ranked
similarly as for the WSC: poly(HEMA) < poly(HEMA-co-
BVImCl) < s-IPN/St0.5 < s-IPN/St1.0. The WVS capacity of
s-IPNs was twice that measured for poly(HEMA) which again
confirms that the hydrophilic and hygroscopic character of
starch and BVImCl.66

Interestingly, and as can be seen in Figure S2 (Supporting
Information), the volume of the polycationic freeze-dried
hydrogels was significantly reduced (samples shrank down to
one-third their original area) after 24 h of exposure to high
RH, at constant temperature revealing an effective mechanical
response of these hydrogels during WVS experiments and
when exposed to high RH. It is hypothesized that water vapor
molecules become strongly adsorbed to the hydrogels internal
pore walls, due to strong BVImCl−water and starch−water
interactions, leading to condensation above a certain water
vapor concentration, which ultimately lead to the collapse of
the macroporous structure of the hydrogels due to hydrogen-
bonding interaction among water molecules condensed within
the pores.67,68

Thermomechanical Properties. The thermogravimetric
profiles of poly(HEMA) and starch presented a one-step
degradation profile (with maximum degradation peak (Tpeak)
of 385 and 306 °C, respectively) in agreement with data
previously reported in the literature.69,70 Differently, poly-
(HEMA-co-BVImCl) and s-IPNs hydrogels presented three
degradation steps with maximum Tpeak values between 255 and
289 °C, 322−329 °C and 409−417 °C, respectively (Figure

Figure 4. Water vapor sorption (WVS) capacity of the oven-dried
hydrogels (A) and freeze-dried hydrogels (B) measured at RH ≥ 90%
and 25 °C for poly(HEMA) (□), poly(HEMA-co-BVImCl) (light
gray ■), s-IPN/St0.5 (medium gray ■) and s-IPN/St1.0 (■).
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S3, Supporting Information and Table 2). These events may
result from the thermal degradation of BVImCl, HEMA-co-
BVImCl and HEMA rich domains, respectively that may be
present along the polycationic structure. Moreover, TGA
results also indicated that the thermal stabilities of the
polycationic hydrogels are similar and lower than that of the

neat poly(HEMA) (Table 2). Polycationic hydrogels also
present higher weight losses at ∼150 °C (up to 4.5 wt %),
which can be attributed to residual water evaporation and
which confirms that the presence of the IL increased the
hydrophilicity of the hydrogels (when compared to poly-
(HEMA)).

Table 2. Thermomechanical Data Measured for the Prepared Hydrogelsa

Hydrogels Wt150 °C (%)b T5% (°C)c Tonset (°C)
d Tpeak1 (°C)

e Tpeak2 (°C)
e Tpeak3 (°C)

e Tg (°C)
f G* (MPa)g tan δ (−)g

Poly(HEMA) 2.3 332.5 349.2 − − 385.1 117.3 ± 1.2 22.0 ± 1.2 0.14 ± 0.1
Poly(HEMA-co-BVImCl) 3.9 208.2 253.3 285.5 322.1 416.9 120.7 ± 0.9 6.4 ± 1.1 0.16 ± 0.1
s-IPN/St0.5 3.6 205.5 254.8 286.3 322.8 413.3 119.6 ± 0.2 4.9 ± 0.5 0.38 ± 0.2
s-IPN/St1.0 4.5 206.9 259.3 288.5 322.3 413.2 121.1 ± 1.8 0.6 ± 0.0 3.52 ± 0.3

aParameters Wt150°C (%), T5% (°C), Tonset (°C) and Tpeak (°C) were measured by TGA; glass transition temperatures (Tg) were measured by DSC;
and complex shear modulus (G*) and loss factor (tan δ) at 1 Hz were measured by rheology. bWeight loss (%) at 150 °C. cTemperature where the
weight loss is 5% (wt). dTemperature at which thermal degradation starts to occur. eMaximum degradation temperature from DTG curves
(obtained from first derivative of weight loss vs temperature curve). fObtained from the integration of a “step” of heat flow vs temperature curve.
gAccording to literature.52

Figure 5. Rheological measurements of hydrogels hydrated in bidistilled water at 25 °C (at equilibrium): (A) Poly(HEMA), (B) Poly(HEMA-co-
BVImCl), (C) s-IPN/St0.5, (D) s-IPN/St1.0. The viscoelastic properties are represented as shear/storage modulus (G′, λ), loss modulus (G″, ■),
and loss factor (tan δ, ν) as a function of oscillatory frequency. (E) Complex shear modulus (G*) calculated for a frequency of 1 Hz.
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The effect of IL-functionalization over poly(HEMA) chain
mobility was indirectly accessed by comparing the glass
transition temperatures (Tg) of the prepared hydrogels
(determined from DSC analysis). The Tg of the poly(HEMA)
homopolymer measured was determined as 117.3 ± 1.2 °C
(Table 2 and Figure S3, Supporting Information) which is in
reasonable agreement with the value of ∼115 °C previously
reported in the literature.71 The Tg value measured for s-IPN/
St1.0 (121.1 ± 1.8 °C) is also in agreement with that
previously reported for poly(HEMA)-starch composites, (∼
120 °C).72 No statistically significant difference (p-value
>0.05) was observed for Tg values of poly(HEMA) and of
polycationic samples (poly(HEMA-co-BVImCl) and s-IPNs),
which indicates that the thermomechanical properties of
poly(HEMA) are mostly maintained after functionalization,
probably due to the relative low amount of IL incorporated in
the copolymer backbone.
The viscoelastic properties of water-swollen hydrogels (at

equilibrium) were measured by oscillatory frequency sweeps at
25 °C, and the results are presented as the change of the
storage modulus (G′) and of the loss modulus (G″) as a
function of the angular frequency of tested hydrogels (Figure
5A). The complex shear modulus (G*) was calculated from G′

and G″ data and as previously described in the literature,50 and
the results are presented in Table 2 and Figure 5B. With the
exception of s-IPN/St1.0, all hydrogels presented a typical
frequency dependent gel-like behavior (G′ > G″ and tan δ < 1,
over the frequency range analyzed), converging to a plateau
(Figure 5A). A similar gel-like behavior was previously
reported for poly(HEMA) hydrogels cross-linked with
diethylene glycol dimethacrylate at 25 °C.73 For the frequency
range analyzed, G′, G″ and G* values measured for
poly(HEMA-co-BVImCl) and s-IPN samples were lower (up
to 10× lower) than those measured for poly(HEMA)
according to the sequence poly(HEMA) > poly(HEMA-co-
BVImCl) > s-IPN/St0.5 > s-IPN/St1.0, meaning that poly-
(HEMA-co-BVImCl) and s-IPN samples present a lower
capacity to store mechanical perturbation in the form of elastic
deformation (Table 2). This sequence follows the inverse
trend observed for the water swelling capacity of the samples
(Figure 3). Therefore, these results indicate that the water
content of the hydrogels plays a major role in their viscoelastic
properties74 by enhancing hydrogel chain mobility (by
disrupting interchain hydrogen bonding), thus softening its
network and increasing its flexibility. The rheological proper-
ties of s-IPN/St1.0 were strongly dependent on the applied

Figure 6. Complex plane plots obtained for prepared hydrogels: poly(HEMA-co-BVImCl) (■, □), s-IPN/St0.5 (▲, Δ) and s-IPN/St1.0 (⧫, ◊)
where filled and open symbols represent freeze-dried (A) and oven-dried (B) hydrogels, respectively. The equivalent circuit used to fit the
impedance spectra is represented in Figure 6C.
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frequency, presenting a viscous-like behavior (G′ < G″ and tan
δ > 1) at frequencies below 50 rad/s and a crossover point at
∼50 rad/s, which resulted from an overload of the applied
mechanical perturbation over the intermolecular forces of the
s-IPN/St1.0 structure that led to the rupture of the hydrogel
(image in Figure 5A).
Finally, and as can be observed in Table 2, the tan δ value

measured for poly(HEMA-co-BVImCl) was similar to that of
poly(HEMA) while higher tan δ values were obtained for s-
IPN samples, and they increased with the amount of starch in
the s-IPN structure. Higher loss factors (tan δ > 0.1) are
typical of biological gels and soft tissues.75

Electrochemical Properties. The effect of IL and starch
contents on the electrical resistivity of prepared polycationic
hydrogels was evaluated by electrochemical impedance spec-
troscopy. A symmetrical cell with two steel electrodes was used
and hydrogels were placed in between the two electrodes.
Additionally, the effect of hydrogel porosity on its electrical
resistivity was also assessed by analyzing both dense and
porous samples which were obtained by conventional drying
(in an oven at 50 °C) and by freeze-drying, respectively. Since
the electrical resistivity of hydrogels is greatly affected by their
water contents,76 all samples were maintained in controlled
relative humidity (RH ≥ 90%), at 25 °C, and overnight before
analysis. The impedance spectra of the polycationic hydrogels
are shown in Figure 6A,B, for freeze-dried and oven-dried
samples, respectively. The spectrum of poly(HEMA) is not
represented due to the high resistivity of this sample, which
behaves as an insulator under the employed conditions.
Therefore, and as a first conclusion, these results show that IL-
functionalization induces an increase in the electrical
conductivity of the poly(HEMA)-based hydrogels. As can be
seen in Figure 6A,B, all spectra presented a semicircle at higher
to intermediate frequencies (due to charge transfer reactions,
and to a nonideal double layer capacitance at the film/
electrode interface), diffusive lines at intermediate/low
frequencies (due to ion diffusion through the hydrogel),
followed by capacitive lines at lower frequencies (due to charge
separation processes in the bulk of the hydrogel). The values of
the resistive and capacitive elements were estimated by fitting
the impedance spectra to the equivalent circuit model (Figure
6C), and the results are presented in Table 3. According to the
equivalent circuit model (Figure 6C), all fitted spectra present
a cell resistance (RΩ) that comprises the resistance intrinsic to
the equipment (electrical contacts, wires and steel electrodes).
The obtained value of RΩ (5.0 ± 2.8 kΩ) is not presented in
Table 3 since the cell resistance RΩ is not related to the sample

electrical characteristics. The equivalent circuit is further
described by a parallel combination of a charge-transfer
resistance (Rct) with a nonideal double layer capacitance
(CPEdl), in series with a Warburg diffusional resistance (Zw),
followed by a polarization capacitance (CPEpol).
As observed, when comparing the equivalent circuit values

from Table 3 for oven- and freeze-dried polycationic hydrogels
(poly(HEMA-co-BVImCl) and s-IPNs), it can be seen that
freeze-drying leads to a decrease in Rct and Zw values, and to an
increase in the CPEpol values. This confirms that the
morphology of the hydrogels has a major influence on the
ion conductivity through their physical structure. Since the
drying process influences hydrogels porosity, the freeze-dried
samples are more porous and therefore less resistive when
compared to the oven-dried ones. Porous structures enhance
the diffusivity of ions through the swollen network channels
(working as “shortcuts”) and resulting in higher conductiv-
ity,77,78 although being also dependent on geometric properties
such as pore interconnectivity, size, shape and tortuosity.78−80

Nevertheless, data presented in Table 3 show that the
amount of starch significantly influences all the equivalent
circuit elements: the increase in starch content led to a
decrease in the Rct and Zw values, and to an increase in the
CPEpol values. The ionic conductivities of freeze-dried
hydrogels increase according to the sequence poly(HEMA-
co-BVImCl) < s-IPN/St0.5 < s-IPN/St1.0, which may be
explained in terms of the water vapor content of each hydrogel,
which increases with the amount of starch (Figure 4). Higher
water contents are known to enhance free chloride anions
diffusivity through the hydrogel network, and consequently to
increase the ionic conductivity of polyelectrolyte-based
materials.76

Recent studies on the electrochemical properties of several
materials functionalized with different ionic liquids have
reported ionic conductivities ranging between 10−6 and 10−2

S cm−1 at room temperature (∼25 °C).29,30,77,81,82 The ionic
conductivity values obtained in the present work for prepared
polycationic hydrogels were significantly higher than those
reported so far, which is most probably due to the high water
contents (>40 wt %) of these samples and to the homogeneous
distribution of BVImCl through the hydrogel network that was
achieved in these samples (as confirmed by SEM-EDX).
Nevertheless, it is important to refer that conductivity
measurements of IL-functionalized materials are very much
dependent on a large number of variables, including the
chemical composition and morphology of the studied material
(IL types and compositions, charge densities and charge

Table 3. Equivalent Circuit Element Values Obtained from Fitting EIS Spectra Shown in Figure 6, for Oven-Dried and for
Freeze-Dried Hydrogels

Hydrogels
Rct

(kΩ cm2)
CPEdl

(pF sα−1 cm−2) a1

aZw
(kΩ sα−1 cm2)

aρ
(MΩ cm)

aσ
(S cm−1) τ (ms) aw

aCPEpol
(nF sα−1 cm−1) a2

Oven-dried hydrogels
Poly(HEMA-co-
BVImCl)

4870 140 0.83 1230 16.4 0.1 760 0.5 3.1 0.66

s-IPN/St0.5 841 132 0.8 1350 22.5 0.2 300 0.41 7 0.68
s-IPN/St1.0 471 41 0.92 595 7.4 2 41 0.42 6.6 0.62

Freeze-dried hydrogels
Poly(HEMA-co-
BVImCl)

1650 192 0.77 163 1.6 0.7 142 0.48 11.4 0.59

s-IPN/St0.5 530 135 0.84 480 4 3.2 38 0.41 15.8 0.6
s-IPN/St1.0 413 188 0.81 345 2.5 5.2 27 0.4 28.6 0.59
aValues normalized by sample thickness.
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distributions, presence of spacers, purities, etc.), as well as on
the experimental measuring conditions (setup, temperature,
relative humidity, etc.) which clearly hamper fair/clear
comparisons between different works.
Finally, another interesting feature of the prepared cationic

hydrogels is that they both present ionic and electronic
conductivities. As illustrated in Figure 7, s-IPN/St1.0 mediates
electron transfer onto a LED under a DC current of 1 V at
room temperature (∼25 °C). It is hypothesized that this
hydrogel behaves as a single-ion conducting material where the
transport of electrons, and consequently the electrical
conductivity, resulted from oxidation of Cl− ions at the
anode. This allows the generation of small electrical currents
(269 μA, measured with a multimeter) through the hydrogel,
which reveals some potential for the application of these

materials as electrochemical devices such as fuel cells, batteries,
etc.

Electro-Assisted Sorption/Desorption of L-Trypto-
phan. The sorption/desorption capacity of the prepared
polycationic hydrogels toward L-tryptophan (Try) (used as a
model charged biomolecule) was evaluated for samples
immersed in different aqueous media and submitted to
different applied electrical stimuli. The capacity to control
the removal/release of charged biomolecules from aqueous
media is advantageous to optimize (bio)separation processes
and for the development of controlled release devices in
general and for potential Try-based therapeutic applications in
particular (such as anxiety and depression).83

Electro-assisted sorption (at an applied voltage of 2 and 100
V) and desorption (at an applied voltage of 2 and 5 V)

Figure 7. Schematic representation of electronic conductivity response of s-IPN/St1.0 hydrogel (in water equilibrium) before (A) and after (B) the
application of a potential difference of 1 V at room temperature (∼25 °C).

Figure 8. Electro-assisted sorption of L-tryptophan [50.3 mg/L] in bidistilled water at 0 V (A), 2 V (B), and 100 V (C) and in different aqueous
media: Trizma base buffer (TRIZ), acetate buffer (AB), and phosphate buffer (PB) at 2 V (D) at room temperature (∼25 °C).
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experiments were carried out at room temperature (∼25 °C),
and the results are presented in Figure 8 and Figure 9,

respectively. Conventional sorption/desorption experiments
(passive sorption with no applied voltage) were also performed
for comparison purposes. The total number of moles of Try in
solution (4.4 μmol, in 18 mL of a solution with a concentration
of 50.3 mg/L) was confirmed to be lower than the estimated
number of moles of ionic liquid (∼21.4 μmol) present in ∼20
mg of the s-IPN/St1.0 hydrogel (as calculated from data given
in Table 1).
As can be seen in Figure 8A, when no electrical potential is

applied, the amino acid sorption capacity of the hydrogels,
poly(HEMA-co-BVImCl), and s-IPN/St0.5 was similar (p-
value >0.05) to that of poly(HEMA) while the sorption
capacity of s-IPN/St1.0 is almost twice the values of the other
hydrogels. This indicates that, under these experimental
conditions (25 °C and 0 V), the Try sorption capacity of
poly(HEMA-co-BVImCl) and s-IPN/St0.5 is mainly governed
by amino acid diffusion into the hydrogel matrix rather than by
IL−amino acid electrostatic interactions (since the water
sorption capacity was found to be more dependent on
hydrogels WSC than on their IL content). The higher
passive-sorption capacity observed for s-IPN/St1.0 may result
from the slightly higher IL content in this sample (Table 1)
which may promote enhanced hydrogel/Try electrostatic
interactions, and higher WSC (Figure 3), which will improve
Try diffusion into the hydrogel matrix.
The effect of an applied voltage on Try sorption capacity is

presented in Figure 8Band8C, for samples submitted to DC
voltages of 2 and 100 V, respectively. Results show that the Try
sorption capacity was significantly improved, compared to
passive sorption, even at the lowest applied potential.
Moreover, it was interesting to notice that at the lowest
applied voltage (Figure 8B) it is possible to modulate the Try
sorption capacity of the hydrogels.
During the electro-assisted sorption experiments of poly-

cationic hydrogels (poly(HEMA-co-BVImCl) and s-IPNs), it
was observed that the pH of the employed media decreased to
∼4.5. This happens because when the electrical stimulus is
applied, free chloride anions (from BVimCl) move toward the
positively charged electrode (anode), while positively charged
imidazolium cations cannot move (to the cathode) since they

are covalently attached to the hydrogel network. At the anode,
oxidative reactions take place leading to the formation of
hydrochloric and hypochlorous acids in aqueous media84

which justifies the observed decrease in the pH of the amino
acid solution. Notice that at a pH of 4.5, the concentration of
positively charged amino acid molecules ([NH3

+−R−
COOH]) increases, since this pH is lower than the isoelectric
point of L-tryptophan, which is equal to 5.8985,86 and therefore,
electrostatic interactions between Try and the polycationic
hydrogels are not favored. Nevertheless, the electro-assisted
sorption increased up to 20% at 2 V and up to 70% at 100 V,
when compared to results obtained from passive sorption (0
V). The average amount of Try absorbed/adsorbed by passive
sorption after 10 days was 14.6 ± 6.1% which is lower than
that obtained by electro-assisted sorption at 2 V for s-IPN/
St1.0, and for all polycationic hydrogels at 100 V, only after 3
h. When an electrical potential is applied, the concentration of
positively charged Try species ([NH3

+−R−COOH]) increases
in the vicinity of the anode, while the concentration of
negatively charged species ([NH2−R−COO−]) increases at
the cathode as a result of water hydrolysis, which induces the
formation of hydronium ions (acidic pH) at the anode and
hydroxide ions (alkaline pH) at the cathode. As their
concentration increases, protonated species are attracted to
the cathode while deprotonated species are attracted to the
anode. This migration between electrodes, induced by the
applied voltage, promotes interactions between [NH2−R−
COO−] and the polycationic hydrogel and consequently its
adsorption from the medium. Such an effect was more evident
at higher applied potential (100 V, Figure 8C) because the
driving force that enhances charged Try diffusion increases,
leading to higher Try sorption capacity (>65% compared to
poly(HEMA)).87 Moreover, no significant difference (p-value
> 0.05) was observed for the sorption capacity of all tested
polycationic hydrogels at 100 V suggesting that the total
amount of Try absorbed/adsorbed was mainly governed by the
amount of cationic functional groups available to establish
electrostatic interactions in each hydrogel, which are similar for
all samples (Table 1).
It is important to refer that, during the experiments

performed at 100 V, a brownish foam was formed near both
electrodes probably resulting from the hypochlorous acid-
mediated oxidation of Try molecules.88 The amount of Try
oxidized in the electrodes was quantified (after careful removal
of the foam adhered to the electrodes) leading to ∼4.4 ±
0.17% of the initial amount of Try in solution. The side of
hydrogel facing the cathode also showed a brown-colored
layer; however, the bulk solution did not present any evidence
of Try oxidation, and as was confirmed by the comparison of
the UV spectra of the Try solution before and after the electro-
assisted experiment (at 100 V for 3 h) (Figure S4, Supporting
Information). Overall, these findings indicate that it is possible
to modulate Try, or even other amino acid, removal from
aqueous media by controlling the intensity of the applied DC
current. Moreover, and although the electro-sorption experi-
ments carried out at 100 V led to some degree of oxidation of
Try, these results indicate potential applications of these
cationic hydrogels in processes for which the integrity of the
molecules is not a relevant requisite (e.g., wastewater
treatment, (bio)remediation), or for the removal/separation
of molecules less sensitive to degradation under electrical
potential stimulus.

Figure 9. Electro-assisted desorption of L-tryptophan [50.3 mg/L] for
s-IPN/St1.0 in different media, namely bidistilled water and Trizma
base buffer (TRIZ), at different applied voltages (0, 2, and 5 V) at
room temperature (∼25 °C). The distance between the electrodes
was 3 cm, and the experiments were carried out in a constant volume
(18 mL) of amino acid solution.
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The effect of the nature of the medium and of pH on the
electro-assisted sorption was also evaluated for s-IPN/St1.0
hydrogels, since they presented the highest electro-assisted Try
sorption yield in water (Figure 8D). The quantification of Try
removed/release in bidistilled water, and in TRIZ and AB
buffers, was performed according to previously constructed
calibration curves at 25 °C. The spectra of Try after electro-
assisted desorption experiments at 5 V was confirmed by UV
spectrophotometry (Figure S4, Supporting Information).
Preliminary electro-assisted sorption experiments were also
performed in PBS buffer, however the oxidation of Try was
evident even at lower applied voltage.
The Try sorption capacity of the hydrogels immersed in

Trizma base buffer, used to avoid pH changes during the
experiments, decreased to ∼11.1 ± 0.02%. During these
experiments, only a slight decrease of pH was observed from
9.9 to 9.3, indicating that Try molecules were mostly negatively
charged ([NH2−R−COO−]). These results suggest that the
hydrogel sorption capacity depends on the electrophoretic flow
of Try charged molecules between electrodes. When an
electrical potential is applied in the Trizma base buffer
medium, a unidirectional migration of negatively charged Try
molecules is stablished from the cathode to anode, restraining
ionic interactions with the s-IPN/St1.0 hydrogel.
Negligible Try removal (≤0.1%) was observed for hydrogels

immersed in acidic and neutral buffer media as shown in
Figure 8D. At low pH (below the isoelectric point of L-
tryptophan), ionic interactions between positively charged Try
species and the polycationic hydrogel are not favored. When s-
IPN/St1.0 samples were immersed in the neutral phosphate
buffer medium, significant gel shrinkage was observed what
may have hampered Try diffusion into the hydrogel network
and further interactions with the cationic hydrogel. Gel
shrinkage was hypothesized to be due to the divalent
phosphate anions (HPO4

2−) present in the buffer that may
have worked as ionic cross-linkers of the polycationic hydrogel
chains, thus decreasing the number of cationic groups that
were available to adsorb Try. This behavior was not observed
in any of the other tested monovalent-based aqueous solutions.
Moreover, when hydrogels previously soaked in the phosphate
buffer were immersed in bidistilled water at room temperature,
they remained shrunken confirming the presence of relatively
strong ionic cross-linking.
Desorption/release experiments of Try from the hydrogel s-

IPN/St1.0 were carried out at low applied voltages (0, 2, and 5
V), to avoid Try oxidation, with samples previously exposed to
the same sorption conditions (at 25 °C and 2 V, for 3 h in
bidistilled water). The results presented in Figure 9show that
Try desorption into water under an applied voltage of 2 V is
24% higher than for passive desorption (0 V). The delivery of
charged species from an electrically responsive hydrogel may
depend on three main mechanisms namely, electrically induced
swelling/deswelling (which alters pore sizes leading to different
diffusion kinetics), electrically induced erosion of hydrogel
(release of charged species due to network degradation), and
electrophoresis (migration of charged molecules through the
hydrogel induced by an electrical field).89 In this work, since
no induced swelling/deswelling and/or erosion of the hydrogel
s-IPN/St1.0 was observed during electro-assisted experiments,
it was assumed that Try desorption/release occurs mainly by
electrophoresis, and considering that passive desorption is
governed only by Try diffusion from the hydrogel to the
medium due to gradient concentrations. A further increase in

the applied potential (5 V) led to an increase in the amount of
amino acid released to the medium (∼7.5%) when compared
to results obtained at 2 V. Recent studies on the effect of the
applied electrical stimulus on the release of acetyl salicylic acid
from a polysaccharide-based hydrogel also showed an increase
of ∼30% after an increase of the applied electrical stimulus
from 0 up to 5 V.90

The electro-assisted desorption of L-tryptophan into TRIZ
was also carried out at 5 V. Figure 9 shows that the release of
Try was higher in TRIZ (∼7.8%) than in bidistilled water,
during 3 h of measurements at 5 V. This might be explained in
terms of the different amounts of amino acid that were
previously adsorbed in each sample. It was expected that, for a
lower quantity of adsorbed amino acid, a higher desorption
percentage would be obtained during 3 h of measurements.
However, and due to the fact that the amount of adsorbed
amino acid in bidistilled water and TRIZ differ significantly, it
is not possible to perform a direct comparison between the
amounts of L-tryptophan desorbed in these two situations. Any
evidence of Try degradation was observed as confirmed from
the UV spectra of Try molecules after electro-assisted
desorption/release experiments at 2 and 5 V (Figure S4,
Supporting Information).
Different IL-based liquid−liquid extraction systems were

previously tested for the separation of Try from aqueous
media.91−93 The highest Try removal capacity (96%) reported
in those works was observed when using the water/potassium
phosphate/1-butyl-3-methylimidazolium methylsulfonate ABS
system, after 24 h of contact.91 To the best of our knowledge,
there are no previous studies on the separation/removal of Try
from aqueous environments using electro-responsive hydrogels
based on ILs. Therefore, this work presents innovative research
on the development of IL-based materials for the controlled
and selective removal/separation and/or release of biomole-
cules, depending on the charge of the target molecule, on the
chemical composition of the hydrogels, on the medium and on
the applied electric stimulus.

Cytocompatibility. The cytocompatibility of the freeze-
dried hydrogels was evaluated for Balb/3T3 fibroblasts by cell
viability (LDH) and the cell proliferation (MTT) assays
(Figure 10A,B). As can be seen in Figure 10A, and after 48 h of
direct contact, LDH results clearly showed high cell viabilities
(∼100%) for all hydrogels, meaning that tested samples did
not induce cell wall lysis. It has been reported that the toxicity
of ILs depends on not only many structural variables such as
cation/anion alkyl chain length, cation/anion type, presence of
specific functional groups but also external factors such as the
nature of the cell line tested.22,94 For example, ILs bearing
short alkyl chain lengths (number of carbons lower than six),
and chloride counterions, tend to be less toxic.95,96 Moreover,
the polymerization of IL-based monomers is known to
decrease further their cytotoxicities.97 However, and as can
be seen in Figure 10B, the presence of the IL in the
poly(HEMA-co-BVImCl) hydrogel seems to affect fibroblast
metabolic activity, mostly if compared with poly(HEMA)
(which is well-known for its relative good biocompatibility).98

In a previous study, the cytotoxicity of several imidazolium-
based ionic liquids against normal fetal lung fibroblasts by
using the MTT assay was also reported. In particular, 1-butyl-
3-methylimidazolium salicylate presented high cytotoxicity,
even at low concentrations, and when compared to other
imidazolium-based ionic liquids containing the same anion but
longer alkyl chains.99 These results seem to indicate that the
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mechanism by which ILs affect cell metabolic activity, as
measured by the MTT assay, does not depend only on the IL
alkyl chain. The cationic nature of vinylpyridinium-based PILs
has been previously reported as the main responsible for cell
growth inhibition (against mouse fibroblasts and hamster ovary
cells) due to electrostatic complexation of the polycation with
negatively charged biomolecules present in cell membranes
(such as proteins or phospholipids).100 However, the capacity
to inhibit cell proliferation, as observed for poly(HEMA-co-
BVImCl), is interesting for other applications such as the
development of antifouling materials, thus avoiding materials
biodegradation and consequent loss of function during usage
in aqueous media.
An increase of 30% in cell proliferation was observed for the

prepared s-IPNs, independently of the employed starch
composition (p-value > 0.05), when compared to poly-
(HEMA-co-BVImCl) samples (Figure 10B). This result can
be explained by the natural biocompatibility of starch46,47,101

which may have balanced poly(HEMA-co-BVImCl) inherent
cytotoxicity. Previous studies on the influence of starch
concentration over cell viability of chitosan-starch micro-
particles (measured by MTS assay against osteoblast cell line
Saos-2) showed a significant increase of 20% in cell viability
with starch concentration, which is in agreement with data
herein reported.102 Therefore, and contrary to poly(HEMA-
co-BVImCl), s-IPNs have the potential to be further optimized
for the development of biomaterials with improved bio-
compatibility and biodegradability envisaged for biomedical/
pharmaceutical applications such as controlled drug delivery
devices and/or scaffolds for tissue engineering.

■ CONCLUSIONS
This work evidenced the potential of semi-interpenetrating
polymer networks (s-IPNs) as an efficient strategy to develop
multi-stimuli-responsive IL-based cationic hydrogels for the
electro-assisted removal/separation/release of charged mole-
cules. The employed strategy makes use of starch, as a
biocompatible, biodegradable, and low cost biopolymer
obtained from renewable sources, to tune the physicochemical,
rheological, electrical, and biological properties of IL-based
copolymers. Another major feature of this approach is that it
uses relatively low IL amounts and originates hydrogels
presenting long-term stability and functionality in aqueous
media, thus avoiding IL loss/contamination during usage.
The obtained hydrogels were responsive to changes in

relative humidity, ionic strength, and electrical current.
Compared to the copolymer poly(HEMA-co-BVImCl),
freeze-dried s-IPNs exhibited higher water sorption capacity,
ionic/electrical conductivity (5.2 S cm−1), fibroblast prolifer-
ation capacity, and loss factors which are typical of biological
gels and soft tissues. These materials can find applications in
electro-membrane extraction processes (e.g., bioseparation
processes, wastewater treatment processes, (bio)remediation,
etc). In this work the electro-assisted sorption/release capacity
of L-tryptophan from the prepared hydrogels was studied as a
proof of concept. Results showed that the sorption/release
capacity of this charged molecule can be easily tuned by
modifying the intensity of the applied potential, the medium
and the chemical composition of the hydrogel. It can be
theorized that sorption/desorption of L-tryptophan resulted
from a combined mechanism of electrophoretic flow and
electrostatic interactions of the L-tryptophan with the cationic
hydrogel. Moreover, and considering that the controlled
sorption/release of molecules by/from electro-responsive
systems depends on a large number of other variables
including duration of the electrical stimulus, intrinsic proper-
ties of the electro-responsive material (degree of cross-linking
and swelling/deswelling/shrinking behavior), and relative
position of the samples and electrodes it is possible to assume
that the systems developed in this work can be further
optimized.
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Figure S1. Cross-section SEM micrographs of freeze-dried hydrogels (A) and 

elemental mapping of nitrogen and chlorine distribution through the hydrogel s-

IPN/St1.0, analyzed by energy dispersive X-ray spectroscopy (EDX) (B). Similar EDX 

results were obtained for hydrogels poly(HEMA-co-BVImCl) and s-IPN/St0.5. 
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Figure S2. Mechanical response of oven- and freeze-dried hydrogels (upper and lower 

samples in each figure, respectively) during WVS measurements at RH ≥ 90% and 25 

ºC. 
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Figure S3. Thermogravimetric profiles (A) and DSC thermograms (B) of the hydrogels 

(Exothermal events oriented up). The symbols represent: poly(HEMA) (◊), 

poly(HEMA-co-BVImCl) (●), s-IPN/St0.5 (▲), s-IPN/St1.0 (■). The 

thermogravimetric profiles of pure HEMA (Ӿ), BVImCl () and starch (▬) are also 

shown for comparison.  
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Figure S4. Spectra of L-tryptophan solutions in bi-distilled water (A) and in Trizma 

base buffer (B) after electro-assisted sorption experiments at 0 V (▬), 2 V (▬), 5 V 

(▬) and 100 V (▬) at room temperature (~ 25 ºC). 
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Table S1. Average values (% w/w) of nitrogen, carbon, hydrogen and sulfur content of 

prepared hydrogels obtained from elemental analysis (after washing the hydrogels). 

 N % (w/w) C % (w/w) H % (w/w) S % (w/w) 

Poly(HEMA) 0.07 ± 0.02 53.14 ± 0.15 8.08 ± 0.03 ≤ 100 ppm 

Poly(HEMA-co-BVImCl) 2.73 ± 0.27 53.14 ± 0.15 8.07 ± 0.07 ≤ 100 ppm 

s-IPN/St0.5 2.61 ± 0.45 53.18 ± 0.03 8.11 ± 0.10 ≤ 100 ppm 

s-IPN/St1.0 3.03 ± 0.02 52.70 ± 0.40 8.04 ± 0.03 ≤ 100 ppm 

 

Note: the experimental amount of BVImCl per weight of dry sample was calculated as follows 

(using the sample s-IPN/St1.0 as an example): 

Basis: 100 g of s-IPN/St1.0 sample has an average of 3.03 g of nitrogen atoms (N) which 

correspond to 0.2164 mol of N.  

1) Each molecule of BVImCl has 2 N atoms in their chemical structure (in the cation). 

Therefore the number of moles of BVImCl is half that of the N atoms: 0.108 mol of BVImCl 

(per 100 g of dried sample). 

2) The experimental amount of BVImCl per weight of dry sample was expressed in Table 1 as: 

BVImCl  (mmol )

100 g of  dried  sample  s−IPN /St1.0 
  = 1.082 mmol BVImCl/g of dried sample. 
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