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An ionic hydrogel with stimuli-responsive,
self-healable and injectable characteristics
for the targeted and sustained delivery of

doxorubicin in the treatment of breast cancerf
Muzammil Kuddushi, ©2 +* Deepak K. Pandey, (2 £° Dheeraj K. Singh, (2 *°
Jitendra Mata“ and Naved Malek (2 *@

Designing stimuli-responsive therapeutic scaffolds to deliver hydrophobic chemo drugs with controlled
and sustained release at the tumor site would be promising in cancer treatment. In a quest for the
stimuli-responsive drug delivery system with sustained release, herein we have fabricated an active
pharmaceutical ingredient-based ionic liquid (IL) based hydrogel with self-healable and injectable
properties. The ionic hydrogel makes a localized, long-term co-delivery system with self-healable,
injectable, and stimuli-responsive properties. Further, the smart hybrid ionic hydrogel was constructed
through encapsulating doxorubicin (DOX) within the 3D matrix of the ionic hydrogel, which response to
intracellular biological stimuli (e.g., pH and temperature) and releases DOX in 57 h. Experimental results
of IL-IL and IL-DOX interactions are supported through Density Functional Theory (DFT) calculations.
In vitro cellular studies revealed that the DOX-loaded hybrid ionic hydrogel shows a synergistic
anticancer effect against MCF-07 cells. These results demonstrate the ability of the ionic hydrogel as a
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Introduction

Breast cancer, the most frequent cancer among women and
impacting 2.1 million women every year, causes significant
cancer-related deaths." The conventional treatment methods
including surgery, radiotherapy, immunotherapy, and chemo-
therapy suffer side effects because of drug reactions, low
therapeutic index, drug tolerance, and poor cancerous cell
targeting.” To circumvent these limitations, novel drug admin-
istration strategies including nano-drug carrier-based treat-
ment such as liposomes, polymeric nanoparticles, surfactants
and polymeric micelles, vesicles, dendrimers, hydrogels and
recently discovered ionogels have been proposed. But they
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promising candidate for local cancer therapeutics.

register slow drug release and irreversible deformation and
therefore are not suitable for sustained and local admini-
stration.” Hydrogels, despite significant progress, could be
promising if they come with excellent biocompatibility, high
mechanical properties, negligible cytotoxicity, high swelling
properties, prominent drug-encapsulating capability and sti-
muli responsiveness.*" Ionic liquid (IL) based hydrogels,
also known as ionic hydrogels, are the best alternatives because
of their inherent properties that can be easily fine-tuned by
judiciously selecting the constituting cations/anions of ILs."*>™*>

Polymeric hydrogels having 1-methyl-3-hexadecylimi-
dazolium bromide as an additive with stimuli-responsive,
self-healable, adhesive, and injectable properties are recently
reported. When bromide was replaced by salicylate through
metathesis with the sodium salicylate (NaSal), SAIL formed an
ionic hydrogel at 4.45% w/v in an aqueous medium.’ We had
selected a gelator concentration of 6.00% (w/v) and solution pH
of 7.4 for all the studies. NaSal is a non-steroidal anti-
inflammatory drug that can also activate mitogen-activated
protein kinase that induces apoptosis in cancer cells.*®*” Zhao
et al. reported salicylate-based hydrogels with integrated anti-
fouling and antimicrobial capacities against Gram-negative
Escherichia coli RP437 and Gram-positive Staphylococcus epider-
midis."® Kaule et al. used salicylate-based coatings in the
drug-coated balloon catheter as it shows high paclitaxel

© 2022 The Author(s). Published by the Royal Society of Chemistry
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encapsulation efficiency with a smooth surface and good
aqueous solubility compared to the hyaluronic acid (body-
own hydrogel), and polyvinylpyrrolidone.'>** Lin and co-
workers reported thermo-responsive phase transition from
a viscoelastic wormlike micelle solution to an elastic hydrogel
in a mixture of 1-hexadecyl-3-methylimidazolium bromide,
and NaSal.>* Zheng’s group reported the fabrication of a 3D
hydrogel from N-methyl-N-cetylpyrrolidinium bromide using
NaSal as an external additive.”’ Zhao et al. studied wormlike
micelle formation by N-hexadecyl-N-methyl piperidinium bro-
mide with the aid of NaSal.>> Raskova presented the effect
exerted by the presence of NaSal in Carbomer-based hydrogel
systems, which shows antimicrobial properties against Gram-
positive and Gram-negative bacterial strains, yeasts and
moulds.>?

Combining different ionic functionalization to the judi-
ciously composed structural architecture of the IL can specifi-
cally exploit the advantages of both, IL and solid polymer
structures, enhancing the mechanical stability and improving
the processability and durability of the hydrogels.'* Bearing in
mind all above-described considerations and in the framework
of our interest in obtaining supramolecular gels from ILs,
herein we synthesized an active pharmaceutical ingredient
based IL, ie 1-methyl-3-hexadecylimidazolium salicylate
(CieMeImSal) as the LMWG. The C;¢MeImSal forms an ionic
hydrogel that exhibited gel to sol transformation as a function
of temperature. The ionic hydrogel was studied for the encap-
sulation and sustained release of the chemotherapeutic drug
doxorubicin (DOX) and studied for its biological evaluation in
breast cancer cell lines.>® The clinical application of DOX is
restricted owing to its dose-dependent non-site-specific toxicity,
such as cardio-toxicity and prevalence of off target effects is
circumvented through hydrogel based new age drug delivery
systems. Further, we used quantum chemical calculations
through DFT to support our experimental results and to (i)
obtain a greater insight into the intermolecular interactions in
the hydrogel matrix, (ii) study the arrangements and interac-
tions in the ionic hydrogel matrix and (iii) understand the DOX-
IL interactions. Structures of the C;csMeImSal and DOX are
drawn in Scheme 1.
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Scheme 1 Chemical structures of 1-methyl-3-hexadecylimidazolium
salicylate (CigMelmSal) and doxorubicin hydrochloride (DOX).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods

Materials

1-Methylimidazole (>99.0%), 1-bromohexadecane (97.0%) and
doxorubicin hydrochloride (98.0-100.0%) were procured from
Sigma Aldrich. The MCF-07 cell line was obtained from NCCS,
Pune, India. All solutions were prepared using Milli-Q water
(Millipore) with an electrical resistivity of 18.2 MQ cm ™" at
25 °C. For SAXS and NMR, samples were prepared in D,O.
C;sMeImSal was synthesized and characterized as per a reported
procedure that can be found in the ESIt (Scheme S1).°

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of solid C;¢MeImSal and ionic hydrogel were
recorded using a Shimadzu FTIR-8400S spectrophotometer.

Morphology

Morphology of the ionic hydrogel was studied through Scan-
ning Electron Microscopy (SEM). For the detailed experimental
description, see ref. 18.

Small-angle X-ray scattering (SAXS)

The SAXS measurements were performed on a Bruker Nano-
STAR 1II SAXS instrument at ACNS, ANSTO. 1.541 A wavelength
was used from a rotating anode Cu Ko radiation source. Data
were collected at a fixed detector distance, giving a g range of
0.012-0.390 A", Sealed quartz cells were used with a sample
path length of 2 mm under vacuum. SAXS data were reduced at
the instrument using Bruker software and then were analyzed
using SasView software. SAXS data were analyzed using a
cylinder model with the structure factor. The slope at low g
gives information about the possible structure that can be
described through the form factor of a cylinder with a radius
R and a length L as discussed for the transparent ionogel.>*>®

The output of the scattering intensity function for randomly
oriented cylinders is given by eqn (1) and (2): where the form
factor P(q)

F?(q) sin(y)dy (1)

with

. (1
sin <7qL cos y) .
2 Ji(gRsiny)
F(Q) =2(Ap)V— —
qR sy
EqL cosy

(2)

where J; is the first-order Bessel function and y is the angle
between the axis of the cylinder and the g vector, V = nR’L is the
volume of the cylinder and Ap (contrast) is the scattering length
density difference between the scatterer and the solvent. The
structure factor S(g) was determined through SASView.

Rheology

A rheology test was carried out on a Physica MCR 301 (Anton
Paar) rheometer at 25 °C with a 40 mm-diameter parallel plate
attached to a transducer. The gap was set to 1 mm. The ionic

Mater. Adv., 2022, 3, 632-646 | 633


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00835h

Open Access Article. Published on 05 November 2021. Downloaded on 1/21/2026 5:46:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

hydrogel was placed between the parallel plate and the plat-
form with special care to avoid evaporation of the solvent.
Angular frequency sweep measurements were performed at
1-100 rad s~ under a constant strain of 1%. These measure-
ments were carried out within the viscoelastic region where G’
and G" are storage and loss modulus and are independent of
strain amplitude. Strain scans were performed from 0.1 to 10%
with a constant frequency of 1 rad s~ '. The critical strain was
quoted as the point that G’ starts to deviate for linearity and
ultimately crosses over G”, resulting in gel breakdown. Thixotropic
properties or step strain sweep measurements were carried out to
investigate the self-recovery properties of the hydrogels in
response to applied shear forces. The strain was changed from
1% to 20% at the constant frequency value (1.0 Hz).

Swelling behavior

Ionic hydrogels with confirmed weights (W,) were immersed in
phosphate buffer solution (PBS) at pH 7.4 and pH 5.0 (37 °C).

__Initial drug concentration — Drug concentration after loading y
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Dynamic light scattering (DLS) and zeta potential
measurement

DLS and zeta potential measurements were carried out in a
Zetasizer Nano ZS (Malvern, UK) by varying the pH and tem-
perature of the ionic hydrogel.

Drug loading and encapsulation studies

The ionic hydrogel was loaded with DOX using a modified
breathing-in mechanism and put on a shaker for 3 h. After
loading, the solution was centrifuged at 10000 rpm for 10 to
15 min. The supernatant obtained was diluted and the concen-
tration of the drug in the supernatant was measured using a
UV-Vis spectrometer at 480-485 nm. Drug loading ratio and
encapsulation efficiency of DOX in the ionic hydrogel were
15.12% and 93.20%, respectively. Drug loading (DL) and encap-
sulation efficiencies (EE) were calculated using the following
equation:

DL (%) =

EL (%) =

Initial drug concentration

_ Loading efficiency — initial drug concentration (ug ml~")

100 (4)

This procedure was repeated until no further weight increment
occurred (W,,). At a pre-determined time, the ionic hydrogel was
taken out and weighed. The weight of the swollen gel (Wx) was
determined after removing the surface water gently with tissue
paper. The swelling ratio (SR) of the hydrogel was calculated
from the equation

W, — Wy

SR =
Wy

®)

where W, is the weight of water molecules in the swollen 3D
ionic hydrogel network under certain conditions and W, is the
weight of the dry ionic hydrogel.

Gel-to-sol transition

Phase transition was confirmed through (i) turbidity measure-
ments and (ii) tube inversion method. A phase transition was
confirmed through two different procedures.

(i) The ionic hydrogel to ionic solution transition of hydro-
gels (pH = 5.0) was studied upon increasing the temperature
from 25 to 60 °C on a Cary 50 UV-Vis spectrometer with a
Peltier-controlled variable temperature cell holder.

(ii) The tube-inverting experiment was used to measure the
ionic hydrogel to ionic solution transition. Briefly, 1 mL ionic
hydrogel was injected into 15 mL glass vials and equilibrated at
15 °C for 6 h. Next, the glass vial containing the ionic hydrogel
was immersed in a water bath at a given temperature for 5 min
and then inverted 180°. If no visible flow was observed within
60 s, the sample was considered as a gel. The observation was
conducted from 25 to 60 °C with an increment of 1 °C each step.

634 | Mater. Adv., 2022, 3, 632-646

Initial hydrogel concentration (pg ml-1)

x 100 (5)

In vitro drug release study

To measure the effect of temperature and pH changes on DOX
release, the drug-loaded ionic hydrogel was immersed in 37 °C;
pH = 5.0, 37 °C; pH = 7.4, 25 °C; pH = 5.0, and 25 °C; pH =
7.4 PBS at 150 rpm. At pre-determined time intervals, the drug
release media were removed and substituted with fresh PBS.
The amount of DOX concentration in the PBS release medium
was measured with a UV-Vis spectrophotometer at 480-485 nm.

The release profiles of DOX were further analyzed based on
mathematical drug release kinetics models. (i) Zero-order equa-
tion, (ii) first-order eqn and (iii) Higuchi release using the
following plots: M, vs. t, log (Mo-M,) vs. t and M, vs. square root
of t, respectively.

Confocal laser scanning microscopy detection

The MCF-7 cells were seeded in confocal microscope (Leica
Microsystems) dishes at 2 x 10" cells per well and cultured
overnight. Then, the MCF-7 cells were exposed to bare DOX
(1 pg mL™") and DOX loaded ionic hydrogel for 4 h, respec-
tively. After the residual particles were removed, the cells were
fixed with paraformaldehyde (4%), and the cell nuclei were
stained with 10 mM 4,6-diamidino-2-phenylindole. Last, A
Leica Microsystems confocal laser scanning microscope (Leica,
Heidelberg, Germany) was utilized to capture the fluorescence
images of the DOX (1 pg mL™") loaded ionic hydrogel.

Cellular uptake

To determine the cellular uptake of DOX and DOX loaded ionic
hydrogel with MCF-7, cells were seeded in 6-well plates at 2 x
10° cells per well and cultured overnight. Then, the MCF-7 cells
were treated with bare DOX and DOX (1 pg mL ') loaded ionic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrogel at the same DOX dose of 0.5 ug mL™". After 12 h, cells
were collected using centrifugation at 1000 rpm. Finally, the
cells were suspended in 500 pL PBS, and the cellular uptake
of DOX was measured with an FACS Calibur flow cytometer
(BD Biosciences, USA).

In vitro cytotoxicity

The cell viability by a neat ionic hydrogel, DOX, and DOX
loaded ionic hydrogel was assessed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay on human breast cancer (MCF-7 cell lines). The cells
were seeded at a density of 10* cells per well in 96-well plates
and cultured overnight. Subsequently, the cells were exposed to
serial concentrations of DOX and DOX loaded hydrogel in
culture medium, respectively. As controls, cells were incubated
in a 5% CO, incubator at 37 °C. After cultivation for 24 h, the
medium was removed, and the cells were washed carefully with
PBS and incubated with fresh medium containing 5 mg mL ™"
MTT for another 4 h. Medium was removed again, and DMSO
(200 pL per well) was added. The plates were incubated at 37 °C
for 10 min, and then the absorbance was recorded at 540 nm.
The ICs, values were calculated with GraphPad Prism Version
7.0 software (GraphPad Software, USA).

Computational methodology

The global minima on the potential energy surface of the
Ci¢MeIm" cation, Sal™ anion, doxorubicin (DOX) molecule,
CisMeImSal ionic liquid (IL), dimers of the IL and complex of
the IL with DOX (IL-DOX) were computed by density functional
theory (DFT) with the Gaussian 16 suite of software.”® A hybrid
B3LYP functional with a 6-31G** basis set in Gaussian 16 was
utilized for the geometry relaxation.>>*° This 6-31G** basis set
with the B3LYP functional is an ideal level of theory to inves-
tigate the interaction mechanism in medium to large molecular
systems and has previously also produced reliable and accurate
results for a variety of molecular systems at minimum
costs.> ™ The frequency estimation at the same level of theory
was performed with the aim to find out the true ground state
geometries of studied systems (at 298.15 K and 1 atm)*® and the
optimized structures have been verified as a true minimum
with no imaginary frequency. Dimers of the IL were used as a
model of the ionic hydrogel. To investigate the nature and type
of interactions in the hydrogel, the polarizable-continuum
model with integral equation formalism (IEFPCM) was
employed with water as a solvent as its dielectric constant (¢)
is 78.35.>” To investigate the contribution of weak interactions
in these systems, Multiwfn 3.7 software was utilized to analyze
the reduced density gradient (RDG) of IL and IL-DOX
systems.>® The geometry of optimized structures and molecular
electrostatic potential (MESP) maps were visualized using the
GaussView 6 program®® and Multiwfn®® with Visual Molecular
Dynamics (VMD)*® 1.9.3 software was used for the RDG surface
visualization.

Eqn (7) and (8) were used for the calculation of binding
energies (BEs) of the IL and IL-DOX complex (AE):

© 2022 The Author(s). Published by the Royal Society of Chemistry
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AEIL = EIL - (Ecation + Eanion) (6)

AEIL—DOX = EIL—DOX - (EIL + EDOX) (7)

where Ecations Eaniony Epox, i, and Ey,_pox are ground state
optimized energies of cation, anion, DOX, IL and IL-DOX
systems, respectively. The following equation was used to
obtain the solvation energy of the IL:

AESOIV = ESol - Egas (8)

where Egs, and Eg,s represent the total energies in the solution
and gas phases, respectively. The values of chemical activity
descriptors such as chemical hardness (i7),*' chemical softness
(S),"* chemical potential (u),"" and electrophilicity index (w)*?
were determined from the DFT calculation-based highest occu-
pied molecular orbital (HOMO) and lowest unoccupied mole-
cular orbital (LUMO) energies from the following equations:

I—A
ﬂ—T )
s (10)

=5

I+4
=" 11
1 3 (11)

2

2
= 12
© =3 (12)

where I &~ —Eyomo and A & —ErLumo-

Results and discussion
Molecular interactions within the ionic hydrogel

Molecular interactions involved in the formation of the ionic
hydrogel were studied through performing FTIR of the solid
Ci¢MelmSal and ionic hydrogel (Fig. S1, ESIT). The frequency
value of the -C=0 group at 1652 cm ™" for the powder sample is
shifted to 1639 cm ™" for the ionic hydrogel because of hydra-
tion. The C-N and -C=O stretching vibrations, located at
1586 cm ™! and 1187 cm™ ' in powder C;sMelImSal, are shifted
to 1575 and 1174 cm ' for the ionic hydrogel, respectively.
These results suggest the electrostatic and hydrogen bonding
interaction playing a dominant role in the formation of the
ionic hydrogel.'*'7*?

Further, we initiated quantum chemical calculations based
on DFT to obtain a greater insight into the intermolecular
interaction in the hydrogel matrix and contribution of weak
non-covalent interactions in the drug-hydrogel complex. DFT-
based quantum chemical calculations are employed in differ-
ent fields of science to illustrate the electronic structures of
various chemical species and have become an excellent method
for addressing fascinating chemical challenges and mecha-
nisms of reactions. Here, before investigating the interaction
in the ionic hydrogel and drug-hydrogel complex, we first
computed the ground state geometries of the isolated cation,
anion and DOX.

Mater. Adv., 2022, 3, 632-646 | 635
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80,

Fig. 1 The atomic numbering scheme for the DFT calculated and opti-
mized structures of (A) the CigMelm* cation, (B) Sal anion and (C) DOX
molecule.

The optimized structures are shown in Fig. 1 including the
atomic numbering scheme. The Sal™ anion is positioned at the
C, position of the C;sMeIm" cation to obtain the minima on the
potential energy landscape of C;sMelmSal, as it is well estab-
lished that the C,-H, position is the most acidic and important
site for interaction with different anions and molecular systems
in imidazolium cations.**>%**3> In order to investigate the
strength of ion-pair interaction, the BE for C;sMeImSal was
calculated. The calculated optimized energies of cations,
anions, DOX, ILs (both in gas and solvent phases), the dimers
of ILs and IL-Drug complex with BEs are listed in Table 1.

The BE for the IL (—122.16 kcal mol™ ") demonstrates that
Ci¢MelImSal is energetically stable at the ground state.*””*° The
optimized geometry of the IL demonstrates that the anion
interacts with the cation through C-H- - -O type hydrogen bonds
(Fig. S2A, ESIt). There are four hydrogen bonds between the
cation and anion and one intramolecular hydrogen bond in the
salicylate anion. Here, one can clearly distinguish the differ-
ence in the structure of the anion in both isolated form and ion-
pairs (Fig. 1B and Fig. S2A, ESIT). A well-established criterion
suggested by Arunan et al. for the determination of the strength

Table 1 DFT calculated optimized and binding energies of ground-state
geometries using the B3LYP/6-31G** level of theory

Optimized energy BE
Species (Hartree) BE (Hartree)  (kcal mol™")
Ci¢MeIm* —894.999803 — —
Sal™ —495.468729 — —
DOX —1928.524047 — —
IL (gas phase) —1390.663217 —0.1946 —122.16
IL (solvent phase)  —1390.692045 — —
IL_DOX —3319.266772 —0.0795 —49.89
Dimer_1 —2781.335071 —0.0087 —5.45
Dimer_2 —2781.362172 —0.358 —22.45
Dimer_3 —2781.345281 —0.0189 —11.85
636 | Mater. Adv, 2022, 3, 632-646
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of hydrogen bonding in ILs was adopted here.”" It is difficult,
however, to classify the strength of a hydrogen bond; in the
following, we consider an interaction to be strong if r < 2.3 A
and weak for 2.3 A < r < 2.6 A. Such parameters have been
chosen based on the H---O distances being shorter than the
sum of the respective van der Waals radii. Based on this, the
intramolecular hydrogen bond in the Sal™ anion Og;—Hgs: - -Os;,
is found to be strong with a bond length of 1.59 A. Similarly, the
C,-Hy: - -Og, hydrogen bond between the cation and anion is
found to be stronger in comparison to other hydrogen bonds
between the cation and anion. Here, the Sal anion is also able
to interact with both the methyl (-CH;) and alkyl -CH, group of
the alkyl chain of the C;sMeIm" cation by C-H- - -O type of weak
interaction, FTIR spectra vide supra (Fig. S2A, ESIT). This case is
considered to be comparable to that of experimental evidence
available via the 'F NMR chemical shifts for alkyl chain
interaction in BF, based-ILs.>>

To investigate various intra and intermolecular interactions
involved in the ionic hydrogel formation of the C;sMeImSal in
aqueous media, we have studied the effect of solvation on the
structure, energetics and reactivity of C;sMeImSal in compar-
ison to the gas phase. By simulating the surrounding of the
C;6sMeImsSal as a dielectric continuum with ¢ = 78.35, using the
IEFPCM model, the effect of an aqueous medium was analyzed.
The solvation energy of the studied IL was —18.09 kcal mol %,
indicating that solvation of the IL is a spontaneous process and
suggesting that water increases the stability of the studied IL
which is also clear from the more negative optimized energy of
the IL in the solvent phase (Table 1). From Fig. S2B (ESIY), it is
clear that the Sal™ anion slightly shifted towards the methyl
group of the C;¢MeIm” cation in the solvent phase. In the Sal
anion, the intramolecular hydrogen bond becomes stronger
and the calculated bond length is 1.53 A; similarly, the
Ce—Hj,- - -Og; bond becomes stronger and the calculated bond
length is found to be 1.90 A. The vibrational spectra that can
be used to assist the interpretation of experimental FTIR data
have also been calculated here. The frequency values of the
-C=O0 group, which is at 1656 cm™' for the gas phase, is
shifted to 1646 cm ™' for the solvent phase ie., ionic hydrogel,
likely due to the hydration of the -C=O0 group in the gel phase.
The C-N and -C-O stretching vibrations, which are located at
1619 cm ™' and 1162 cm ™' in the gas phase of C;sMeImSal, are
shifted to 1610 and 1159 cm ' for the C;sMeImSal in the

Table 2 Observed FTIR vibrational bands of solid C;gMelmSal and ionic
hydrogel with DFT computed vibrational bands of C;gMelmSal in gas and
solvent phases

Observed wavenumber Calculated wavenumber

(em™) (em™)
Functional Ionic CisMeImSal CygMeImSal
group CisMeImSal hydrogel (gas phase) (solvent phase)
—-C-N stretching 1586 1575 1619 1610
-C—=0 1652 1639 1656 1646
-C-0- 1187 1174 1162 1159
-OH — 3348

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solvent phase, respectively (Table 2). Our DFT calculated IR
spectra support the experimental findings of FTIR which pre-
dicts the dominant role of electrostatic interactions and hydro-
gen bonding in the formation of the three dimensional (3D)
network structure of the ionic hydrogel. Here, it is very clear
from the close inspection of Fig. S2A and B (ESIY) that the DFT
computations also predict the presence of inter- and intra-
molecular hydrogen bonding in C;sMeImSal, both in the gas
and solvent phases.

It is interesting to explore the arrangements of the ionic
hydrogel to understand the shape of the gelator. We studied the
morphology of the ionic hydrogel through SEM. The SEM
image (Fig. S3, ESIT) shows the formation of a 3D branched
fiberous network made of tightly winded cylindrical tubules.
The ionic hydrogel is expected to be formed by encapsulating
the water molecules within the network of the percolated
gelator and inside the branched 3D structures.>

Internal structure of the ionic hydrogel

SAXS was further employed to verify the size and shape of the
aggregates within the ionic hydrogel matrix. Fig. S4 (ESIt)
shows the experimental SAXS data of the ionic hydrogel. SAXS
data clearly indicate the characteristic g~ behavior that is
consistent with cylindrical shaped aggregates, SEM results
vide supra."” There is also a very strong structure factor peak
at mid-g." A similar peak was reported in our earlier work with
an imidazolium based ester functionalized ionic hydrogel.'’
Local structures of the ionic hydrogel can be described by a
cylinder of radius 2.10 nm and length 42.90 nm. The cylindrical
structure of the ionic hydrogel is due to the micelle like
assembly (through hydrogen bonding and electrostatic interac-
tions) between the long cation and anion of the C;sMeImSal at
the interiors of the micelles.

Structural optimization was performed for the C;sMeImSal
dimer using DFT computations to gain deeper insight into the
arrangements and interactions in the ionic hydrogel. Without
requiring extensive computing resources, a dimer may deliver
valuable insights into the early-stage of aggregation. In parallel/
parallel-displaced or perpendicular or vertically tilted config-
urations, aromatic moieties can be aligned.**® The nitrogen
atom containing imidazolium rings, however, is predicted to
prefer a parallel or near-parallel configuration so that rings can
enhance n-n interactions along with the hydrogen bonding.
The optimum arrangement of the dimer of C;sMeImSal will be
controlled by the interplay of interactions of mainly H-bond
and m-7n interactions between the imidazolium rings of the
cation. Hence, in the present study, three configurations of
dimers were prepared. In the first, cation rings are opposite
sides of each other, in the second, both the rings are stacking in
parallel and in the last, both the rings are in Y-shaped
configuration.

Fig. 2 displays the ground state geometries of all the con-
figurations of the dimers. Fig. 2B presents the most stable
dimer geometry with a BE of —22.45 kcal mol™" where two
imidazolium rings are arranged in such a way that maximizes
their n-7 interactions through parallel stacking and anion-n*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A)

-5.45 kcal mol!

C
(B) ©)

-22.45 kcal mol! -11.85 kcal mol!

Fig. 2 Ground state geometries of dimer configurations along with their
BEs. (A) Cation rings of CigMelm™ are opposite, (B) cations rings are
stacking in parallel, and (C) cation rings are in Y-shaped configuration.

interactions in ion-pairs. The second most stable structure
(Fig. 2C) in which the aromatic moieties are arranged perpendi-
cular to each other (Y-shaped) is quite different from the
structure in Fig. 2B and less stable. We predicted two lowest
energy configurations of dimers, which can guide us to predict
the arrangements of the ionic hydrogel to understand the
formation and branching in the gel on the basis of dimer
energetics. From Fig. 2B and C, one can notice that when the
minimum energy structures are obtained, imidazolium rings
are stacked and long alkyl chains are in parallel arrangements.
Imidazolium rings take preferential on-top parallel orientations
to increase the m-n stacking that enhances the layering struc-
ture in ILs, despite the electrostatic repulsion and also
hydrogen-bonding arrangements. This is the possible reason
why the ionic hydrogel takes the cylindrical structure.>*™**

Mechanical properties of the ionic hydrogel

The gel was subjected to the strain sweep and angular fre-
quency sweep dynamic rheological test to explore its mechan-
ical properties. At a fixed strain of 1%, storage modulus (G') was
higher than loss modulus (G”) within the whole frequency
range (Fig. 3A), indicating the unstable colloidal particles that
form a 3D network within the ionic hydrogel, SEM image, vide
infra. The strain amplitude sweep of the hydrogel (Fig. 3B)
demonstrated the elastic response typical of the polymeric
hydrogel. Beyond the critical strain (y.) of 8.4%, G’ decreased
rapidly, and the cross-over occurred at 9.3%. Above y., G’
decreases through breaking of the 3D network within the ionic
hydrogel. The hydrogel studied here exhibits rapid recovery of
its mechanical properties after a large amplitude oscillatory
breakdown, known as thixotropic properties (Fig. 3C).®> Under
the application of a large amplitude oscillatory force (= 20%; = 1
rad s '), the G’ decreases from 1949.23 to 525.61 Pa, resulting
in a quasi-liquid state of the hydrogel (tan é = 0.46). However,
when the amplitude is decreased (= 1%; = 1 rad s '), G’
immediately recovers its initial value and returns to the
quasi-solid state (tand = 0.49).%

According to the results of the rheological recovery property
(Fig. 3C), the ionic hydrogel was converted to the solution state
under higher shear strain and returned to the ionic hydrogel
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Fig. 3 (A) Strain sweep dynamic rheological data for the ionic hydrogel at 25 °C (w = 1 rad s73), (B) frequency sweep dynamic rheology data at 25 °C
(strain 1%), (C) thixotropic data of the ionic hydrogel, obtained by step-strain measurements at 25 °C at a constant frequency (1 rad s7%), (D) the gel can
get through a 26-gauge needle smoothly without blockage, and (E) self-healing properties.

state when the stress was removed. Therefore, the ionic hydro-
gel could be used as an injectable gel for localized treatments.
When the gel in the syringe was compressed, the pressure,
which acted like a high dynamic strain, made the gel “flow”
like a liquid to pass through the needle (Fig. 3D). This is due
the dissociation of hydrogen bonds. Then the extruded gel
returned to the gel state once the pressure was removed. The
self-healing and injectable behaviours of the gel indicate that it
may be used to deliver drugs and implanted in the body with
a minimally invasive strategy. In addition, after the cut, within
5-7 minutes, the damaged gel could repair itself without any

external stimulus (Fig. 3E), demonstrating the good self-healing
abilities of the ionic hydrogel.®*

Swelling behavior of the ionic hydrogel

The hydrogel (Fig. 4A) shows excellent water absorbing capa-
city; that is, the ionic hydrogel can absorb 42 (pH = 7.4) and
70 (pH = 5.0) times more water than its initial weight and take
280 and 320 min to reach a saturated state. The interactions of
network components in ionic hydrogels restrain the whole
matrix and limit the swelling ratio. The morphology of the
ionic hydrogel directly influences its application as a drug

— 804
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Fig. 4 (A) Swelling kinetics of the ionic hydrogel at 37 °C, and (B) SEM images of swollen ionic hydrogels at (i) pH 7.4 and (i) pH 5.0 at 37 °C.
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carrier, while the release mechanism will be affected by the
mesh size.®>*°

Both the ionic hydrogels showed porous 3D structures in
PBS with different pH values at 37 °C. The pore sizes of the
ionic hydrogel in PBS with pH 5.0 are higher than at 7.4 pH
(Fig. 4B). It might be due to the positive head group charge,
which gets more protonated. The intermolecular electrostatic
repulsion and enhanced hydrophilicity would make the ionic
hydrogel swell considerably.®”

Size and zeta potential of the ionic hydrogel

To effectively use the ionic hydrogel for targeted drug delivery,
it is recommended to investigate whether the ionic hydrogel is
stimuli responsive. To counter this argument, we hereby stu-
died the hydrodynamic sizes of the gelators within the hydrogel
matrix through DLS under the influence of temperature and
pH. The data also help us to define the conditions for the drug
encapsulation and release. The ionic hydrogel was in more
hydrated form and showed the maximum swelling state with
the size of the aggregates in the range of 434 &+ 5 nm at 25 °C
(Table 3 and Fig. 5). However, as the temperature rises to 37 °C,
the size of the aggregates within the hydrogel decreases to
403 + 5 nm, which may be due to the exclusion of water
molecules from the hydration shell. This eventually resulted
in the collapse of the hydrogel due to volume phase transition
(VPT) and resulted in a more compact gel network because of
the increased hydrophobicity.®>®® It is worth mentioning here
that PDI values decrease with temperature (0.24 at 25 °C and
0.12 at 37 °C), indicative of the phase transition (Table 3).

Table 3 Temperature and pH dependent size distribution of ionic
hydrogels

View Article Online
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Further, zeta potential data of the hydrogel with and without
DOX exhibited a minor change in the surface charge from +22.5
to +21.5 mV (without DOX), —17.4 to —19.7 mV (with DOX-25
°C, pH = 5), and —11.2 to —14.3 mV (with DOX-37 °C, pH = 7.4)
across the temperature range that indicates the cationic ionic
hydrogel stability with temperature (Fig. 5B).*

An inverse correlation was observed between the tempera-
ture and pH on the size of aggregates within the hydrogel. The
interplay of forces responsible for swelling of the hydrogel is
certainly responsible for the changes observed at higher tem-
perature and acidic pH (Fig. 5 and Table 3). At pH 5.0, the ionic
hydrogel gets protonated and attracts a higher amount of water
molecules on its surface through H-bonding and increases the
size of the aggregates. Higher degree of swelling at acidic pH
further strengthens the claim, vide infra (Fig. 5). It was found
that the ionic hydrogel has the desired characteristics with an
optimum size in response to temperature (37 °C) and pH (5.0)
as shown in Table 3, while the rest of the other formulations
did not show any particular trend. These data are the basis of
our drug encapsulation and release of the entrapped drug from
the ionic hydrogel.

DOX-IL interaction studies through DFT calculations

After investigating the role of weak non-covalent interactions in
the formation of the ionic hydrogel (IL in both gas and solvent
phases and dimer), we studied the drug-hydrogel interaction
through DFT calculations. It has been observed that when
molecules vary considerably in their sizes, the geometric mix-
ing concept seems insufficient, as is the scenario in the present
research.””’* Using DFT computations, we computed the bin-
ary interplay between the IL and DOX to resolve this constraint.
Ideally, to measure this sort of interactions, one will conduct a
thorough molecular dynamics (MD) simulation, but this would

lonic Temperature (°C) ~ pH (25 °C) PH (37 °C) be an excessively time-consuming process. In addition, classi-
hydrogel 25 37 5 7.4 5 7.4 cal simulations are based on the empirical force fields and their
Size 437+5 403+5 530+5 496+5 640+ 5 580+ 5 Aaccuracy and reliability can often be suspected unless the
accuracy of the force field is confirmed by substantial experi-
PDI 0.24 0.12 0.21 0.28 0.29 0.20 mental results.”> For this justification, we have adopted a
37°C pH 7.4/37°C
403 £5nm 530+ 5 nm
3 225
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Fig. 5 Temperature and pH dependent size distribution of ionic hydrogels.
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methodology that does not depend on empirical force fields
and does not necessitate substantial computing facilities.
Hence, in order to investigate such interactions in the drug-
hydrogel complex, the interaction between the single unit of
the IL and the drug (DOX) molecule was carried out to mimic
the experimental results. The optimized structure of the IL-
DOX complex is presented in Fig. S2C (ESIT). The ground-state
structure of the complex reveals that the molecule of the
DOX interacts with the IL by hydrogen bonds of type C-H: - -O,
where the DOX acts as a hydrogen-bonding donor. The drug
molecule interacts with the IL by two C-H- - -O (with cation) and
one O-H-: --O (with anion) type hydrogen bonds i.e. C¢~Hj3: - -Oyg,
Cs-Hyy- - -055 and O,q-Hgy - -Og3 with bond distances of 2.29 A,
2.76 A and 1.69 A, respectively (Fig. S2C, ESIt). We have calculated
the BE for this complex in the gas phase and the value is
—49.89 keal mol ' (Table 1). The negative BE value suggests that
the mechanism of complex formation is thermodynamically
stable and demonstrates the stability of the IL-DOX complex.
Our computed BE value for the IL-DOX complex suggests that the
DOX drug will bind to the carrier of the hydrogel (IL), but this
interaction is not so strong as to prevent the drug at the target site
from being desorbed. For adsorption and drug delivery, the
binding energy of ~ 30 kecal mol ' is appropriate.”® Our calculated
DFT results, however, only demonstrate the drug-hydrogel
complex interaction mechanism and do not illustrate the tem-
perature and pH-dependent characteristics, but are able to pro-
vide deeper insights into the mechanism of interaction. The
primary purpose of our research is to better understand the
mechanism of interaction, so we will address the formation of
weak non-covalent interactions in these systems by examining the
molecular electrostatic potentials (MESP) and reduced density
gradient (RDG).

Electronic properties

To gain insight into the relationship between molecule struc-
ture and activity, MESP were computed. Due to electron density
distribution, the MESP is represented as the potential encoun-
tered by a unit positive charge close to the molecular system.
The MESP directs the quantitative polarity of the molecule;
electrophilic attack sites can be predicted by a positive
potential, while nucleophilic attack sites are indicated by a
negative potential. The expression for ESP is given by the
following equation at any point r in the space near the mole-
cule:”*7?

Za JP(#)dﬂ (13)

V(r)= Zm— ¥ =]

where the charge on the nucleus 4 observed at R, is Z, and the
electron density is p(r).

V(r) describes the net electrostatic effect of the molecule’s
total charge distribution (electrons + nuclei) at point r. Negative
ESPs depict the nucleophilic sites of attack (red colour) on the
molecular surface in Fig. S5 (ESIt), whereas positive ESPs show
the electrophilic sites (blue colour). Green colour is used for
zero-potential surfaces. The entire surface of the imidazolium
ring is shown in Fig. S5A (ESI) to be blue and light blue can be
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observed over the alkyl chain, reflecting the most positive ESPs.
While red colour is present near -C—O0 and -OH groups in the
isolated Sal™ anion, yellow colour is present in the entire ring
area, indicating the presence of negative ESPs (Fig. S5B, ESIT).
Charge re-distribution occurs after ion-pair formation, result-
ing in a mixture of red, blue, yellow, and green colours. The red
colour is only present on the oxygen atoms and blue colour on
the cation in Fig. S5D (ESIt), which shows the possibility of the
strong interaction between these two moieties by the bifurcated
C-H- - -O type non-covalent bonds. The red colour on the -OH
group also justifies the experimental finding that predicts the
intramolecular hydrogen bonding in the Sal anion. In addition,
all the colours are present in the DOX molecule and the red
colour can be seen near the -C—=O0 and -OH group, while the
blue colour can be seen on the other -OH group linked to the
ring-containing -NH, group. In the drug-hydrogel complex,
the presence of blue colour on these -OH groups increases the
possibility of strong hydrogen bonding. The red colour of the
drug molecule (DOX) on O, provides it with an opportunity to
interact with the hydrogel, which further confirms the findings
of the structural component determined by DFT and thus
confirms the experimental findings.

Further, we have evaluated the values of HOMO and LUMO
energy levels to calculate the chemical reactivity descriptors
such as chemical potential (), softness (S), hardness (1), and
electrophilicity-index (w). The significant chemical-reactivity
descriptors (4, S, 1, and ) including the dipole moment for
the hydrogel (IL) carrier, drug molecule (DOX), and IL-DOX
complex are provided in Table 4. In terms of these descriptors,
the electronic properties and stability such as electron-transfer
in a complex molecule are demonstrated quite well. Significant
aspects of the IL-DOX complex have been observed.
The complex IL-DOX was softer (0.47 eV ') than the IL
(0.25 eV ") and DOX molecules (0.28 eV~ "), which is illustrated
by the higher chemical softness and lower values of chemical
hardness (Table 4). Compared to the chemical hardness 5 of IL
(1.99 eV) and DOX molecules (1.72 eV), the chemical hardness
of the IL-DOX complex (1.04 eV) was lower. The chemical
potential of the complex IL-DOX (—4.01 eV) was greater than
that of the molecules of IL (—2.73 eV) and DOX (—4.00 eV), with
a higher negative chemical potential of the complex implying
the stability of the complex. The dipole moment of the complex
increased from the 4.44 D of the drug molecule (DOX) to
8.24 D, which corresponds to increasing solubility as well.
The electrophilicity-index assesses the energy decrease associated

Table 4 HOMO and LUMO energy levels, band gap energies Eg, dipole
moment p, chemical potential (1), chemical softness (S), chemical hard-
ness (), and electrophilicity index (w) of CigMelmSal, DOX and CigMelm-
Sal-DOX complex in the gas phase

Enomo Erumo Eg Dipole n N I (U

(eV) (ev) (ev) momentp (eV) (ev'') (ev) (eV)
IL —4.73 —0.73 3.99 12.81 1.99 0.25 —2.73 1.86
DOX —5.73 —2.28 3.44 4.44 1.72 0.28 —4.00 4.65
IL-DOX -5.05 —2.96 2.08 8.24 1.04 0.47 —4.01 7.71

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with a complex system obtaining additional charges from the
surroundings. The chemical reactivity parameters described
above, such as lower hardness, greater electrophilicity-index value,
high charge-transfer and negative chemical potential of the IL-
DOX complex, clearly demonstrate that this complex can be used
as an efficient cancer therapy drug delivery system.

Non-covalent interaction (NCI) analysis

To envisage the non-covalent interactions (NCI) such as hydro-
gen bonding, van der Waals interactions, and steric-repulsions
among the non-covalently interacting systems, NCI analysis is
an essential tool. This approach is based on electronic densities
and their derivatives, such as reduced density gradients
(RDGs).”® The RDG function can be defined using the following
formula:

L [Ap()|

(14)

where p(r) is the electron density.

Weak non-covalent interactions play an important role in
the determination of the physicochemical properties in ILs and
their derived hydrogel systems. The NCI visual representation
of the IL is shown in Fig. S6 (ESIt) and is plotted between the
sign(4,)p and reduced-density gradient (RDG). It depicts the
presence of strong hydrogen bonding (H-bond) and weak van
der Waals interactions between the C,¢MeIm® cation and
anion. An essential parameter employed to detect the existence
of chemical bonding in the complex is the sign(l,)p in the
scatter plot of NCI analysis. The values of sign(/,)p below zero
indicate hydrogen bonding and beyond zero display steric
repulsions and spikes around the zero regions of sign(4,)p
indicate van der Waals interactions. The 3D-colour filled iso-
surface for the IL is depicted in Fig. 6A, which also illustrates
the existence of non-covalent interactions between cation and
anion moieties. The presence of blue colour between C,-H, and
Og,; and Og,—Hgs and Oy, atoms shows the area where inter-
molecular and intramolecular hydrogen bonding takes place,
and the areas of weak van der Waals forces and strong steric
repulsion in the imidazolium and Sal™ anion rings are indi-
cated by green and red colour, respectively.

Similarly, Fig. 6B presents the NCI visual representation,
which depicts the presence of weak non-covalent interactions
in the drug-hydrogel complex (IL-DOX complex). Surprisingly,
for the IL-DOX complex, all categories of NCIs were observed,
viz weak van der Waals forces, hydrogen bonding, and steric-
repulsions. The NCI between the IL and DOX molecule are also
demonstrated by the 3D colour-filled iso-surface presented in
Fig. 6B. Van-der Waals forces are shown by green-colour
between the IL and DOX, while the blue-region occurs due
to hydrogen bonding interactions. These interactions are
highly in line with the C-H---O and O-H---O type weak inter-
actions observed in the geometrical analysis of IL and IL-DOX
complexes.

In this way, our DFT calculation-based NCI analysis is
perfectly able to demonstrate the contribution of interactions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 3D colour filled RDG iso-surfaces of (A) CigMelmSal, and (B)
CisMelmSal-DOX complex showing the nature of the interaction between
the cation—anion, and C;gMelmSal and DOX molecule.

in the hydrogel and IL-DOX complex. In addition, the presence
of weak drug-hydrogel carrier interactions plays a key role in
drug-off loading at the target site. Further, these low-cost
computational calculations by considering only single ion-
pair (IL), DOX and IL-DOX molecule allowed us to see what
an immediate site-specific interaction would be like.

Gel-to-sol transition

The ionic hydrogel exhibited semi solid like behavior and non-
flowing characteristics with almost zero transmittance at 25 to
40 °C (pH = 5.0) (Fig. S7, ESIt). With increasing the temperature
from 40 to 60 °C, the transmittance increased gradually, and at
47 °C the ionic hydrogel transformed into a transparent
solution. From the tube inversion method, we observed ionic
hydrogel-to-solution transition at a temperature of 47 + 2 °C
(Fig. S7B, ESIt). Such a phase transition was reversible and is
probably because of the association and disassociation of the
non-covalent interaction between IL-IL when the temperature
and pH were changed.”’

In vitro drug release study

At 37 °C and 5.0 pH, the % of release of DOX from the ionic
hydrogel was well-controlled and lasted for over 57 h (Fig. S8,
ESIT). No fast DOX release was observed at the initial stage, and
the % of release was over ~ 86.4% at the later stage. The % of
release was found to be around ~45.3% at pH 7.4 over a period
of 57 h. Similar results were observed when the hydrogel was
incubated at 25 °C. The cumulative DOX release was ~ 33.2% at
pH 5.0 and ~18.2% at pH 7.4. As expected, the acidic pH
increased the release process of DOX, attributed to the
increased hydrophilicity of DOX and de-solubilization inside
the ionic hydrogel fibrous network. Further, more drug was

Mater. Adv,, 2022, 3, 632-646 | 641
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Fig. 7 In vitro cytotoxicity study of the neat ionic hydrogel, DOX, and
DOX loaded ionic hydrogel.

released at 37 °C, likely due to the increased permeability
within the hydrogel network.”® In conclusion, these smart ionic
hydrogels demonstrate a release of anticancer drugs controlled
by dual stimuli, temperature and pH.**

Taking them altogether, the % of DOX release from the ionic
hydrogel system (37 °C, pH 5.0) exhibited a sustained co-
delivery approach as long as 57 h, and the % release amounts
of the DOX exceeded 86.4%. The release data were further
evaluated via mathematical models of the drug release kinetics
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(Table S1, ESIt). The results showed that the release of DOX
from the ionic hydrogel system was well-fitted by the Higuchi
release equation with good correlation coefficients (R* ~ 0.97).”°
The presence of stimuli (5.0 pH and 37 °C) in the ionic hydrogel
network resulted in intermolecular interactions and affected the
DOX release mechanisms.

In vitro cytotoxicity study

The cell viability study suggested that the neat ionic hydrogel had
excellent biocompatibility and no cytotoxicity. The data are in
good agreement with the MCF-07 cell line assay, while neat DOX
and DOX loaded ionic hydrogels indicate that they could induce
tumor cell death and inhibit cell growth. Further, the ICs, values
were determined from the dose response curve for neat DOX and
DOX loaded ionic hydrogels against MCF-7 cell lines using
GraphPad Prism Software (Fig. 7). Regardless of incubation time,
the percentage of living cells in the presence of the DOX loaded
ionic hydrogel was lower than that of neat DOX. This could be due
to the slow release of DOX from the ionic hydrogel network.
The ICs, values in the cases of neat DOX and DOX loaded
polymeric hydrogels for MCF-07 cells were found to be 0.94 and
0.62 ug mL ™" at 24 h of the exposure. Apparently, the loaded ionic
hydrogels exhibited good anti-cancer activity with a lower ICs,
value than the neat DOX in MCF-7 cells.

DOX uptake study

The cellular uptake of neat DOX and DOX loaded ionic hydrogel
in the MCF-07 cell line, depicted in MCF-07 cells, was viewed
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(A) Representative fluorescence images of MCF-07 cells incubated with DOX, and DOX loaded ionic hydrogel at an equivalent DOX

concentration of 1 pg mL™* for 4 h; scale bar is 20 um, (B) quantitative measurement of DOX uptake in MCF-07 cells by flow cytometric analysis, and

(C) the mechanism for enhancing DOX delivery.
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with a confocal laser scanning microscope (CLSM) where the
cell nuclei exhibited strong blue fluorescence (Fig. 8A). The red
fluorescence of DOX was clearly seen in the cytoplasm and
nuclei of MCF-07 cells, which are prepared with neat DOX and
DOX-ionic hydrogel. The uptake of DOX in the DOX loaded
ionic hydrogel was higher than that of the neat DOX. This may
be a result of the difference in the cellular uptake mechanism.®°
The cellular uptake of neat DOX is through passive diffusion,
while the ionic hydrogel transports into cells by both endocy-
tosis and passive diffusion. The combination of the two path-
ways might explain the high uptake of the DOX-ionic hydrogel.
In summary, the DOX-ionic hydrogel could help the DOX enter
the cells and to be released from the 3D network of the ionic
hydrogel efficiently (Fig. 8B), which was consistent with the
above results obtained by laser scanning confocal microscopy.
To quantify the cell uptake, we performed flow cytometry
measurements. Fig. 8C clearly shows a remarkably increased
cellular uptake and greatly enhanced nucleus localization in
cells treated with the DOX loaded ionic hydrogel with more
systematic intracellular DOX release. Evidently, the DOX loaded
ionic hydrogel has appreciable possibilities to achieve cell-
specific drug delivery.

Conclusions

Herein, we designed a local drug administrative system for the
poorly water-soluble drug DOX using an amphiphilic ionic
hydrogel as the stimuli-responsive and injectable drug carrier.
The hydrogel was successfully realized as a sustained co-
delivery system for the DOX. DOX could be effectively encapsu-
lated into the cores of cylindrical micelles formed by the
amphiphilic hydrogel in water and released from the ionic hydrogel
formulation in a well-controlled and sustained manner at 37 °C
and pH 5. In vitro cytotoxicity and uptake, results confirmed a
synergistic anticancer effect of the DOX-delivery system against the
human breast cancer cell line (MCF-7). Here, we have employed the
DFT calculations, which helped us to investigate the interaction
mechanism in the ionic hydrogel and drug-hydrogel interaction.
Overall, this stimuli responsive ionic hydrogel provides an ideal
drug career for breast cancer treatment.
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