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Magnetoresponsive biocomposite hydrogels
comprising gelatin and valine based magnetic
ionic liquid surfactant as controlled release
nanocarrier for drug delivery†

Akshay Kulshrestha, ab Sanjay Sharma,c Kuldeep Singhab and Arvind Kumar *ab

The utilization of biopolymer hydrogels has been challenging due to the lack of controllability, actuation,

and quick-response properties. Herein, we report a strategic nanoparticle-free approach toward

magnetoresponsive biocomposite hydrogels by combining a biopolymer (gelatin) and vesicles of

essential amino acid (valine)-based magnetic ionic liquid surfactant [ValC16][FeCl4], and explored their

potency as drug delivery nanocarriers. Self-assembly characteristics of [ValC16][FeCl4] have been

investigated using surface tension, pyrene fluorescence, specific conductivity, DLS, and TEM

measurements. The biocompatible nature of [ValC16][FeCl4] was confirmed by investigating its

physiochemical interaction with animal DNA using circular dichroism, zeta potential, agarose gel

electrophoresis, and ethidium bromide exclusion assay test. The gel strength and magnetic behavior of

the prepared biocomposite magnetoresponsive hydrogels were measured using rheology and vibrating

sample magnetometry techniques, respectively. The constructed biocomposite hydrogel has been

employed as drug delivery carriers for an antibiotic drug (ornidazole) and an anticancer drug

(5-fluorouracil). The encapsulation efficiency of ornidazole and 5-fluorouracil in the magnetic

biocomposite gel was found to be 69 � 0.6% and 78 � 0.3%, respectively. Since magnetoresponsive

biomaterials can be manipulated spatiotemporally via an external magnetic field, the prepared

nanoparticle-free magnetoresponsive hydrogels can be promising candidates as active scaffolds for

advanced drug delivery and tissue regeneration applications.

Introduction

Recent advances in nanotechnology have tremendous impact
in medicine and therapeutic applications.1,2 In the past decade,
magnetic ionic liquids, a flourishing subclass of ionic liquids
with inherent unique properties and sensitivity to the external
magnetic field, have been transformed into magnetic surface
active ionic liquids by inducing their amphiphilic character.3–6

The self-assembly behavior of such surface active ionic liquids
have indicated the formation of various nano-aggregates such as
micelles, vesicles, rod-like micelles, worm-like micelles, lamellar-
type micelles, and paramagnetic properties once incorporating

lanthanides or transition metals.7,8 These are found to be highly
promising candidates for a multitude of potential applications
such as in micellar catalysis,9 nano-drug delivery,10 protein
separation,11 DNA compaction, and MRI contrast agents.12 Pre-
viously, ordered surfactant–DNA hybrid nanospheres of double-
strand (ds) DNA and cationic surfactants with the magnetic
counterion [FeClBr]� have been reported and are shown as a
potential nano-vehicle for magnetoresponsive targeted anticancer
drug delivery.13 Xu et al. also reported the cationic azobenzene
group containing a magnetic surfactant, which shows the DNA
compaction phenomenon, and the bound DNA has been used for
magnetomanipulative drug release with excellent biocompatibility
and light-sensitive behavior by cis to trans conversion.14,15

In this context, hydrogels consisting of biopolymers have
more potential benefits due to their non-toxic, sustainable, and
biocompatible nature compared to man-made synthetic polymer
hydrogels, and their excessive consumption is an ecological
burden to the society.16,17 Gelatin is a promising biopolymer
having very good gelation capability. It can be modified due to
the presence of various functional groups that are useful for
therapeutic applications. Gelatin gels, although very useful,
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have certain inherent limitations such as lack of controllability,
stimulation, and quick-response properties.18–20 Recently, mag-
netic biomaterial scaffolds have emerged as new active promising
materials made up of biopolymers and magnetic nanoparticles
and show magnetoresponsive behavior.21,22

Polymer hydrogels containing magnetic particles are
stimuli-responsive gels, and their viscoelastic properties can
be controlled by applying magnetic fields. Magnetic biopolymer
gels can be synthesized by combining the magnetic nano-
particles and biopolymer by blending, onto-grafting, or in situ
methods.23–26 Such magnetic scaffolds exhibit extraordinary
biological applications, such as enzyme immobilization, tissue
engineering, soft actuators, cancer treatment, and drug delivery.
Drug delivery systems are primarily dependent on carriers with
pH, temperature, light-sensitive, or magnetic behavior for stimuli-
responsiveness, controllability, and targeted delivery.27–29

Researchers have previously reported biocomposite materials
comprising of gelatin and Fe3O4 nanoparticles for the con-
trolled release of Vitamin B12 and show the ‘‘on or off’’ mode on
applying a magnetic field.30,31 Huang et al. also explored the
magnetically controlled release of sirolimus for drug-eluting
stent application using magnetic scaffolds.32 Magnetic nano-
particles can be separately prepared in different uniform sizes,
are modifiable, and can be used as fillers for the preparation of
magnetic gels. However, there are certain limitations such as
aggregation, accumulation, morphological changes, and leakage
of magnetic nanoparticles in the magnetic scaffolds.33

Herein, magnetic ionic liquid surfactants (MSAILs) have an
edge over magnetic nanoparticles in hydrogels. MSAILs, via the
formation of self-assembled structures such as micelles or
vesicles, can act as nanocarriers for drug delivery and exhibit
magnetoresponsive behavior in hydrogels. In addition, MSAILs
are homogenously solubilized in an aqueous solution and
provide strength to gels through intermolecular interactions
with biopolymers. In view of the above facts, we have tailored a
magnetic essential amino acid-based ionic liquid surfactant,
[ValC16][FeCl4], and characterized using the Raman, UV, and
EPR spectra. The magnetic properties have been investigated
using a vibrating sample magnetometer. Prior to hydrogel
formation, the surface properties and aggregation behavior of
the synthesized MSAIL has been investigated. The interaction
of animal DNA with [ValC16][FeCl4] has been studied using CD
spectroscopy, EB-exclusion essay test, zeta potential, and agar-
ose gel electrophoresis. The current research strategy involved
the preparation of the magnetic gel using [ValC16][FeCl4] and
gelatin, and its application as a nanocarrier for drug delivery,
an anticancer drug, have been used for reference studies. The
release kinetics of the drugs has been investigated using
theoretical mathematical models.

Experimental section
Materials

Valine and p-toluenesulphonic acid were procured from TCI India
Ltd. Sodium carbonate, cetyl alcohol, toluene, dichloromethane,

methanol, and sodium sulfate were obtained from SD Fine
Chemicals India Ltd. Sodium chloride, magnesium chloride,
calcium chloride dihydrate, and potassium chloride were pur-
chased from SRL Chemicals Ltd, India.

Deoxyribonucleic acid sodium salt from salmon testes
(DNA), ethidium bromide, trizma base (99.9%), ferric(III) chloride
hexahydrate (97% purity), glutaraldehyde and gelatin type A
(300 Bloom, IEP = 9.0), were purchased from Sigma Aldrich.

Synthesis and characterization. The esterification of valine
was carried out using p-toulenesulphonic acid and cetyl alcohol.
Valine (1 mmol) and cetyl alcohol (1.1 mmol) were taken in a
round bottom flask containing 100 mL toluene. Equimolar
p-toulenesulphonic acid was added to the reaction mixture
and refluxed for 6 h. After removing toluene, the crude product
was solubilized into chloroform washed with sodium carbonate
containing water 2–3 times and separated. After the removal of
the solvent, the product was solubilized in 100 mL acetone
containing 10 mL of conc. HCl. The product was recrystallized
at �20 1C and washed with acetone to remove the impurities.
In the next step, the equimolar ratio of the synthesized product
and FeCl3�6H2O were taken in a round bottom flask containing
ethanol and stirred at room temperature for 24 h. The obtained
product was washed with hexane. The molecular structure is
shown in Fig. 1, and the structural scheme of synthesis has
been provided in Fig. S1 (ESI†). Structural confirmation was
achieved using 1H NMR (Fig. S2, ESI†), LCMS (Fig. S3, ESI†),
UV, Raman, and EPR spectra, which confirm the formation of
the [FeCl4]� anion (Fig. S4–S6, ESI†). The thermal behavior of
[ValC16][FeCl4] was studied by recording the DSC and TGA
thermograms (Fig. S7 and S8, ESI†). The starting, onset, and
degradation temperatures are provided in Table S1 (ESI†).

The DNA concentration was measured using a NanoDrop
Spectrophotometer (ND-1000) in 80 mmol L�1 Trizma base–
EDTA hydrochloride buffer (TE buffer). The optimized DNA
concentration was 92.1 ng mL�1 for the DNA interaction studies.

Gel formation and in vitro drug loading-release experiment.
The magnetic hydrogel was prepared by adding 1 mg mL�1 of
the synthesized magnetic surfactant into 5 mL phosphate
buffer of pH 7.4 at 40 1C, and slowly adding gelatin (10 wt%)
to the solution. Glutaraldehyde (0.01%) was added as a cross-
linking agent to the solution, and hydrogel thus formed
was used for rheological studies and in vitro drug loading and
release experiments.

The in vitro drug loading and release experiment was carried
out as follows: magnetic gel (1 mg mL�1 magnetic surfactant,
10% gelatin, and 0.01% glutaraldehyde) was taken in 150 mL
phosphate buffer (pH 7.4) containing 5 mg of the drug for 24 h

Fig. 1 Molecular structures of investigated [ValC16][FeCl4].
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and monitored using UV-Vis spectroscopy. For the release
experiment, the gel was placed in 150 mL phosphate buffer
and kept under an incubator shaker at 100 rpm and 37 1C. At
different intervals of time, 1 mL of aliquots was taken out, and
an equal amount (1 mL) was added to maintain a constant
volume. The drug release behavior has also been studied in the
presence of different electrolytes (0.1 M concentration). The
samples were analyzed through UV-Vis spectroscopy, and cal-
culation was done using the predetermined calibration curve.
The formula used for drug loading efficiency and cumulative
release are given below.

CumulativeReleaseð%Þ ¼ amountofdrugreleasedinmedia

amountofdrugloadedinmagneticgel

� 100

Determination of the swelling behavior. For swelling beha-
vior studies, a dry pre-weighed sample of the gel was placed
into 100 mL of the buffer at pH 7.4. The sample was removed
after 24 h and dipped in MQ water to remove the salt impurity.
The sample was gently cleaned and weighed accurately and
repeatedly. The swelling behavior was calculated using equation

SwellingBehavior ¼ Ms �Md

Ms

� �
� 100

where Ms and Md are the weight of the swollen and dry hydrogel,
respectively.

Methods

Raman, UV, EPR spectroscopy. A LabRAM HR Evolution
Horiba Jobin, Yvon Raman spectrometer was used to confirm
the formation of the Fe–Cl bond in the [FeCl4] anion. The
unpaired electron in Fe(III) was characterized with the help of
an EPR benchtop instrument (Freiberg Instruments, Germany)
in the range of 200–400 mT.

Vibrating sample magnetometer. The magnetic behavior of
the synthesized [ValC16][FeCl4] was determined at 300 K with
the magnetic field range from �1.2 to 1.2 T with the help of
VSM (Lakeshore, Model-7404).

Surface tension and pyrene fluorescence measurement.
Attention force Tensiometer Sigma 700 with a Du Noüy ring
method has been used to identify the critical aggregation
concentration (cac) and other surface parameters of [ValC16]-
[FeCl4] for the air–water interface. The triplicate value of surface
tension has been considered as the final value. The fluores-
cence method has also been used as complementary to the
determined cac. A Fluorolog (Horiba Jobin Yvon) spectrometer,
slit width 1.2 nm, path length 1 cm in the range from 365 nm to
450 nm was used for the measurements.

Scanning electron microscopy (SEM). The gel was mounted
on a copper stub and gold-coated with a sputter coater. Scanning
electron microscopy was used to study the surface morphologies
of the prepared gel, and elemental analyses were carried out using
an EDX with a field emission scanning electron microscope
(FE-SEM) JFM 7100 F (Oxford incorporation).

Transmission electron microscopy (TEM). TEM analysis
(JEOL JEM-2100 electron microscope) was done by putting a
drop of an aqueous solution of [ValC16][FeCl4] on the carbon-
coated copper grid (300 mesh). The sample was dried under a
vacuum desiccator and analyzed.

Ethidium bromide exclusion assay. The fluorescence spectra
was recorded to determine the changes in EB–DNA complex
formation with the addition of the stock solution of [ValC16][FeCl4].
The range was 540–800 nm with an excitation value of 530 nm at
the room temperature. 50 mL of 0.1 mM of EB was dissolved into
2 mL of the DNA TE buffer to perform the EB–DNA complexation
studies.

Zeta potential (f). The surface charge of the DNA-surfactant
solutions of different concentrations were determined using
Malvern Instruments, Zetasizer Nano ZS, UK, He–Ne laser with
a gold-coated electrode ‘DTS 1060’ cell.

Circular dichroism spectroscopy. The CD spectra were
recorded using a Jasco J-815 CD spectrometer within the
wavelength range of 200–400 nm with 2 s response time,
100 nm min�1 scan rate, and 0.2 nm bandwidth. The solutions
were prepared using DNA and [ValC16][FeCl4] in TE buffer at
pH = 7.4 in a quartz cuvette with a path length of 1 mm in N2

atmosphere.
Agarose gel electrophoresis. Various solutions of [ValC16]-

[FeCl4] in TE buffer at pH = 7.4 with animal DNA and 2 mL of the
dye were loaded into the well. Gel Doct XR+ with a Bio-Rad gel
imager system was used for imaging DNA bands at 298.15 K
with 50 V in the TBE running buffer for 60 min.

Dynamic light scattering (DLS). NaBiTec Spectro-Size300
light scattering apparatus (NaBiTec, Germany) was used to
identify the hydrodynamic size of the aggregated structure in
[ValC16][FeCl4] in water at a 901 angle with a He–Ne laser
(633 nm, 100 mW).

Rheometer. The rheological properties of the gel were mea-
sured using Anton Paar’s Physica MCR 301 rheometer using a
PP50 probe. The gap between the probe and the plate was
maintained at 0.1 mm for all experiments at room temperature.

Results and discussion
Self-assembly characteristics of [ValC16] Cl and [ValC16][FeCl4]

Prior to gel formation and drug loading, the self-assembly
characteristics and surface activity of [ValC16] Cl and [ValC]-
[FeCl4] were investigated in aqueous solutions with the help
of surface tension, conductivity, and pyrene fluorescence mea-
surement at 298.15 K.

Surface tension measurement. Tensiometry was used to
determine the surface tension values of the surfactant solutions
at different concentrations. A marked reduction in the surface
tension was observed with the addition of the surfactants.
The cac value of [ValC16]Cl and [ValC16][FeCl4] was evaluated
using the plot between the natural logarithm of concentration
against the surface tension, as shown in Fig. 2(a), and the
values were 0.072 mmol L�1 and 0.023 mmol L�1, respectively,
which are remarkably lower than that of the previously reported
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conventional surfactants.34–36 According to the previous report,
the insertion of the metal into the surfactant reduces the cac
value, e.g., the cac value of CTAB (cetyltrimethylammonium
bromide) is 0.92 mmol L�1 but in CTAFe (cetyltrimethylammo-
nium bromotrichloroferrate), the cac value is 0.42 mmol L�1.37

A similar reduction in the cac value has been observed for
[ValC16][FeCl4] as compared to [ValC16]Cl. This is due to the
more hydrophobicity induced into the surfactants after the
introduction of the metal. Various surface parameters have
been derived using the surface tension values (Table 1). The
surface parameters indicate a more compact self-assembled
structure in case of [ValC16][FeCl4], which is due to the hydro-
phobic nature of the [FeCl4] anion.

Pyrene fluorescence measurement. Pyrene is very sensitive
to the external environment. Therefore, it is employed as a
hydrophobic probe to determine the cac value of the investi-
gated surfactants. An increase in the intensity (I3) with a
decrease in the intensity (I1) has been observed with an increase
in the concentration of the surfactant (Fig. S9, ESI†). The
inclusion of pyrene molecules in the self-assembled structure
leads to a decrease in I1 and increase in I3. The plot between
I1/I3 and concentration (Fig. 2b) shows a cac value of [ValC16][Cl]
and [ValC16][FeCl4] as 0.10 mmol L�1 and 0.05 mmol L�1,
respectively (Table 1).

Specific conductivity measurement. Specific conductivity
depends on the change in the ionic mobility of the surfactant
in solution and has been used to identify the cac value of the
investigated [ValC16]Cl and [ValC16][FeCl4]. Specific conduc-
tivity was plotted against the surfactant concentration by the

titration of the stock solution against pure water. The specific
conductivity increased linearly with an increase in the concen-
tration of [ValC16]Cl or [ValC16][FeCl4]. A slope change in the
specific conductivity was observed after achieving the cac. The
cac value of [ValC16]Cl and [ValC16][FeCl4] is 0.09 mmol L�1 and
0.05 mmol L�1, respectively (Fig. 2c). The plot was further used
to calculate the degree of counterion binding (b) and the
theoretical value of the standard free energy of micellization.
The negative value of standard free energy of micellization
indicates the spontaneous formation of the self-assembled
structure in the investigated surfactant systems.

Morphological transitions in the self-assembled structure of
[ValC16][FeCl4]

[ValC16][FeCl4] shows the morphological transition in the aqu-
eous solution by changing the concentration. The transition
from micelles to rod-like structures to vesicles has been
observed by the changes in the concentration of [ValC16][FeCl4]
(HR-TEM images, Fig. S10, ESI†). Transitions such as that from
micelles to vesicles form in various single-chain surfactants
have been previously reported.38,39 At lower concentration, i.e.,
about 0.05 mM [ValC16][FeCl4] forms micelles, which changes
into rod-like structures till 0.5 mM, and then a further increase
in the concentration to 0.9 mM forms vesicular structures
(Fig. S10, ESI†). We have used vesicular structures for our study
to mimic biological liposomes. Counterion binding and hydro-
phobic interactions play an important role. At the lower
concentration, the head group of the cationic moieties of
the ionic liquid have less binding with a larger hydrophobic

Fig. 2 Represents the surface tension, pyrene fluorescence, and specific conductivity measurement profiles of [ValC16]Cl and [ValC16][FeCl4] in aqueous
media.

Table 1 Determination of critical aggregation concentration using surface tension (ST), fluorescence measurement (Flr.), and conductivity measurement
(Cond.). Surface parameters;surface tension at cmc (gcmc), effective surface tension reduction (pcmc), adsorption efficiency (pC20), maximum surface
excess concentration (Gmax), and area occupied by a single molecule at the air–water interface (Amin), degree of counterion binding (b), standard free
energy of micellization (DG0

mic)

SAILs

cac (mmol L�1) Derived parameters

ST Cond. Flr. gcmc (m N m�1) pcmc (mN m�1) pC20 Gmax (mmol m�2) Amin (Å2) b DG0
mic (kJ mol�1)

[ValC16][FeCl4] 0.02 0.05 0.05 30.18 39.88 5.85 0.37 442.6 0.32 �23.1
[ValC16]Cl 0.07 0.09 0.10 25.67 45.39 5.95 0.29 559.7 0.77 �28.8
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counter anion that sufficiently stabilize the head group repulsion
in micellar structures. When the concentration increases, the
molecules reorganize themselves, wherein larger hydrophobic
counter anions are inserted toward the head group. This stabilizes
the charge repulsion between the head groups, and vesicles are
expected to form. The DLS plot shows that the hydrodynamic radii
of the formed vesicles are 95 nm and 8 nm for micelles (Fig. 3a
and Fig. S11, ESI†). The autocorrelation function has been
provided in the ESI† (Fig. S12, ESI†). The transition from clear
to turbid solution on increasing the concentration indicates the
conversion from micelles to vesicles in Fig. 3b. The TEM images of
[ValC16][FeCl4] show that the diameter of the vesicles is 100 nm
(Fig. 3c) and that of the micelles is 5 nm (Fig. S10, ESI†).

Physiochemical interaction of DNA with [ValC16][FeCl4]

The salmon fish-extracted DNA has been utilized to investigate
the biocompatible nature of [ValC16][FeCl4]. The physicochemical
interaction of [ValC16][FeCl4] with DNA has been studied using CD
spectroscopy, EB-exclusion assay using fluorescence spectroscopy,
zeta potential, and agarose gel electrophoresis.

CD spectra. Circular dichroism spectroscopy gives informa-
tion about the secondary structure of b-DNA and the structural
stability at different concentrations of [ValC16][FeCl4]. The b
conformation of DNA shows a positive band, a negative band,
and a crossover point at 276 nm, 245 nm, and 257 nm,
respectively, in the CD spectra, as represented in Fig. 4a, which
confirms pure DNA in the TE buffer.40 The initial concentration
of [ValC16][FeCl4] shows superimposition with the CD spectra of
pure DNA and indicates the structural stability of DNA.

No significant change in the DNA bands has been observed
till 0.7 mM of [ValC16][FeCl4], which shows the retention of
the secondary structure of DNA. With a further increase in the
concentration, a decrease in the intensity is observed due to the
interaction of DNA with [ValC16][FeCl4]. The compaction of
DNA has been observed with a reduction in the intensity and
the shifting of the band positions with an increase in the
surfactant concentration, which is likely due to the more
exposure of the negatively charged DNA to the cationic head
groups of [ValC16][FeCl4]. [ValC16][FeCl4]–DNA lipoplex formation

because of the hydrophobic counter anion (FeCl4) is probably the
reason behind DNA compaction.37

Zeta potential measurement

Zeta potential measurements have been used to investigate the
changes or alterations in the surface charge of DNA when
interacting with [ValC16][FeCl4]. As shown in Fig. 4b, the DNA
solution has a negative zeta potential value due to the presence
of the phosphate group in it. The zeta potential of the micelle
(0.1 mM) and vesicles (1 mM) are +24 mV and +34 mV,
respectively (Fig. S13, ESI†). This slight change observed in
the zeta potential is likely due to the morphological transitions
in the aggregated structures. At lower concentrations of
[ValC16][FeCl4], the zeta potential remains unchanged due to
the more DNA phosphate groups, whereas with an increase in
the concentration of [ValC16][FeCl4], there is a decrease in the
zeta potential value due to the effective interaction between the

Fig. 3 (a) DLS plot, (b) optical micrograph of micelle to vesicle transition, (c) TEM images of [ValC16][FeCl4] vesicles in aqueous medium.

Fig. 4 (a) CD spectra, (b) zeta potential, (c) EB-exclusion assay test, and
(d) 3D plot of the % binding of EB at various concentrations of
[ValC16][FeCl4].

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:0

2:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00758k


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 484–492 |  489

opposite head groups. On a further increase in the [ValC16]-
[FeCl4] concentration, the value of the zeta potential becomes
more positive, indicating DNA–surfactant complex formation.

Exclusion assay test. It was employed to evaluate the binding
ability of [ValC16][FeCl4] with DNA using intrinsic fluorescence
spectroscopy. Ethidium bromide (EtBr or EB) is an inert catio-
nic dye that forms a complex with DNA due to the migration
of the cationic group in the hydrophobic environment of
double-stranded DNA in water.41,42 The EB–DNA complex
shows 20–25 folds higher fluorescence intensity than the EB
dye in pure water. The EB–DNA complex shows fluorescence
intensity at 600 nm. There is no significant change at a lesser
concentration of [ValC16][FeCl4]. The decrease in the fluores-
cence intensity is detected with the further addition of
[ValC16][FeCl4] in the EB–DNA complex, as seen in Fig. 4c.

The quenching of intensity with [ValC16][FeCl4] is due to the
displacement of EB by the cationic surfactant from the micro-
environment of DNA. The % binding of EB decreased with the
addition of [ValC16][FeCl4], as seen in Fig. 4d. The extent of
binding was calculated by its ability to displace EB from the
DNA–EB intercalated complex. The N/P ratio is the ratio
between the moles of the N atom in the investigated molecule
with the negatively charged phosphate group of DNA, and it is
less than or equal to unity. The 3D surface plot indicates the
increase in the surfactant concentration with an increase in the
N/P ratio with more extent of DNA binding with [ValC16][FeCl4].
The maximum binding with DNA occurs between 0.5 mM and 3
mM, after which a disturbance in the band is observed due to
charge neutralization. When the N/P ratio reaches one, EB is
completely displaced from the surfactant.

Agarose gel electrophoresis. This experiment was done to
understand the degradation and biocompatibility of DNA in the
presence of [ValC16][FeCl4]. After the 6 h incubation of various
concentrations of [ValC16][FeCl4] with DNA, it was loaded into an
agarose gel, showing a single band (Fig. 5), which indicates no
degradation of DNA in the presence of [ValC16][FeCl4], as presented
in the latter. The DNA band became vague due to the interaction
and formation of the DNA–[ValC16][FeCl4] complex after 1 mM
concentration. The disappearance of the band indicates the charge
neutralization between DNA and the [ValC16][FeCl4] molecule. This
result indicates the stability of DNA in the presence of our
synthesized magnetic surfactant, which can be helpful as a
magnetoresponsive drug delivery nanocarrier.

Rheological behavior of magnetic [ValC16][FeCl4]–gelatin
biocomposite hydrogel

The rheological experiments were conducted to examine the
strength, deformation characteristics under strain, and fre-
quency variation of the gelatin–[ValC16][FeCl4] biocomposite
gel. The vesicular region of [ValC16][FeCl4] has been used to
form the magnetic biocomposite gel. The time sweep experi-
ment in the storage modulus (G0) and loss modulus (G00) was
examined at 1 Hz constant frequency and 1% shear strain at
room temperature (25 1C). It can be observed in Fig. 6a that no
change was observed in G0 & G00 and the higher G0 value
indicates gel formation. The observed dynamic storage (G0)
and loss (G00) modulus under time sweep show that a linear
graph is maintained, indicating no deformation in the gel. An
increase in the G0 was observed after the inclusion of para-
magnetic [ValC16][FeCl4] in the gel. The [ValC16][FeCl4]-
containing gel was found to show a two-fold increase in the
strength than the conventional gelatin gel. G0 and G00 vs.
frequency dependence are almost similar at 300 Hz, and no
further decrease was observed (Fig. 6b). At higher frequencies
(B500 Hz), an intersection in G0 & G00 was observed for the gels
without [ValC16][FeCl4]. The magnetic gel shows a linear viscoe-
lastic regime until the large strain of 75–80% at a frequency of
100 rad s�1 (Fig. 6c).

The SEM images (Fig. 6d and e) show the morphology of the
gelatin gels without and with [ValC16][FeCl4]. The carbonyl
group in [ValC16][FeCl4] and in glutaraldehyde forms bonds
with gelatin (–NH2) and forms a smooth homogenous micro-
structure morphology. To further confirm the structure, energy
dispersive X-ray spectroscopy (EDX) was performed. EDX ana-
lysis confirms the presence of different elements and Fe(III) in
the uniform surface of the magnetoresponsive biocomposite
gel (Fig. S14, ESI†). Elemental mapping (Fig. 6f) shows the
homogenous distribution of Fe(III) into the magnetic gel and
the green dots represent Fe in the gelatin gel.

Drug loading and release studies

The entrapment of the drug molecules ornidazole and 5-fluoro-
uracil into the biocomposite magnetic gel was studied. Initially,
the leaching studies and the study on the swelling behavior of
the magnetic gel in pure water were performed (Fig. S15 and
S16, ESI†). From the prepared gel, no leaching or release of
[ValC16][FeCl4] was observed, and time-dependent investiga-
tions showed no increase in the swelling after 24 h, also
indicating a good porous behavior. Since the formation of
vesicles is a spontaneous process, no external stimulus was
required for drug loading into the magnetic gel. The drug
loading efficiency of 5-fluorouracil and ornidazole, as deter-
mined from UV-Vis spectroscopy, was found to be 10 � 0.2%
and 8.3 � 0.6%, respectively, in the case of pure gelatin,
whereas in the magnetic gel, it was found to be 78 � 0.3%
and 69 � 0.6%, respectively, at 37 1C, indicating a very high
drug loading efficiency. The release studies of both the drugs
(5-fluorouracil and ornidazole) from the magnetic gel were
carried out in the phosphate buffer with respect to time

Fig. 5 Agarose gel electrophoresis of DNA in the presence of various
concentrations of [ValC16][FeCl4].
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(4 h to 96 h, Fig. 7a and b). After 96 h, no further release of the
drug was observed. The cumulative release pattern of the drugs
is shown in Fig. 7c. The slow release of both the drugs observed
is due to vesicle entrapment and magnetic surfactant counter-
ion. The retention in the UV-Vis band shows no degradation of
the drug molecules entrapped in the magnetic gel. A compar-
ison of the loading efficiency of both the drugs (ornidazole and

5-fluorouracil) in various types of systems investigated pre-
viously with the present magnetic gelatin–[ValC16][FeCl4] bio-
composite gel is provided in Tables S2 and S3 (ESI†). A broad
range of loading efficiencies is reported in the literature. The
loading efficiency for 5-fluorouracil and ornidazole in the
developed magnetic system are the highest reported so far.
The VSM graph indicates the magnetic nature of the investi-
gated [ValC16][FeCl4] surfactant and the gelatin–[ValC16][FeCl4]
biocomposite gel (Fig. 7d).

On lowering the concentration of [ValC16][FeCl4] in the
magnetic biocomposite gel from the vesicular region to the
micellar region (0.1 mM), the loading efficiency of 5-fluoro-
uracil and ornidazole decreases to 49 � 0.2% and 42 � 0.5%,
respectively. The decrease in the loading capacity was observed
because the vesicles are more favorable to the loading of a
hydrophilic drug. The release of the drug from the magnetic gel
has also been studied in various equimolar electrolyte solutions
to compare the release behavior. We have taken ornidazole as
the representative example for the study because both drugs
follow a similar release trend. The used electrolyte solutions
were sodium chloride (NaCl), potassium chloride (KCl), cal-
cium chloride (CaCl2), and magnesium chloride (MgCl2). The
in vitro release profile of the drug in different electrolyte
solutions was recorded as a function of time (Fig. S17, ESI†).
In case of bivalent cations, it was found that drug release in
CaCl2 solution is slower than in the MgCl2 solution, whereas in
the case of monovalent ions, the drug release is slower in NaCl
as compared to that in KCl solution.

The cumulative release pattern of the drug was fitted into
different models. The kinetics of release of ornidazole and
5-fluorouracil from the magnetic gel has been studied using

Fig. 6 Rheological (a) dynamic storage (G0) and loss moduli (G00) versus time, (b) dynamic storage (G0) and loss moduli (G00) versus frequency, (c) dynamic
storage (G0) and loss moduli (G00) versus strain% for pure gelatin and gelatin with [ValC16][FeCl4], (d) SEM image of gelatin, (e) SEM image of gelatin with
[ValC16][FeCl4], and (f) elemental mapping of Fe(III) distribution in the magnetic gel structure.

Fig. 7 (a and b) Release pattern of 5-fluorouracil and ornidazole, respec-
tively, (c) cumulative release of drugs, and (d) magnetic behavior of
[ValC16][FeCl4] and the gelatin–[ValC16][FeCl4] gel.
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various mathematical models such as the Higuchi model,
Hixson–Crowell model, or Korsmeyer–Peppas model, which
were determined to be zero-order and first-order, respectively
(Table S4, ESI†). The fitted data in the mathematical equation
follows the Korsmeyer–Peppas model with R2 values of 0.99
and 0.98 for both ornidazole and 5-fluorouracil, respectively.
The Korsmeyer–Peppas model shows drug release following
the erosion of the material with the diffusion of the drug. The
model shows that both the drugs follow similar kinetics.

Conclusions

The essential amino acid (valine)-based surfactant [ValC16][Cl]
and its analogue magnetic surface active ionic liquid surfactant
[ValC16][FeCl4] have been synthesized. The synthesized materials
have been characterized using 1H NMR, LCMS, EPR spectroscopy,
Raman spectroscopy, UV spectroscopy, TGA, and DSC. The self-
assembly behavior of [ValC16][Cl] and [ValC16][FeCl4] was studied
using the surface tension, pyrene fluorescence, and specific
conductivity measurements and their related parameters were
derived. The surface parameters show a remarkably low value of
cac and high surface activity for [ValC16][FeCl4]. TEM analysis
shows morphological transition from micelles to vesicles on
increasing the concentration of [ValC16][FeCl4]. The physico-
chemical interaction investigations of DNA with [ValC16][FeCl4]
indicates its biocompatible nature. The vesicular region of the
surfactant has been used to form magnetic biocomposite gels
using gelatin. The rheological behavior of the synthesized gels
indicates very good gel strength. The formed magnetic bio-
composite gel has been used as a drug carrier for ornidazole
and 5-fluorouracil with very high loading efficiency (69 � 0.6%
and 78 � 0.3%), respectively. The magnetic analysis of the
magnetic biocomposite gel shows good magnetic behavior. The
kinetics of release of both the drugs follows the Korsmeyer–
Peppas model. Such nanoparticle-free magnetic biocomposite
gels can be successfully utilized for in vivo studies and can be
used in applications such as cell/drug delivery and tissue
engineering purposes.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

CSIR-CSMCRI communication number 110/2021. Authors
acknowledges Department of Science and Technology (No.
EMR/2016/004747), Government of India, for financial support.
We thank analytical facility of CSIR-CSMCRI. We thank Dr
Mangal Singh Rathore (CSIR-CSMCRI) for help in gel electro-
phoresis. We also thank Dr R. Desai (CHARUSAT) for their help
in magnetic measurements.

References

1 L. Nobile and S. Nobile, Recent advances of nanotechnology
in medicine and engineering, AIP Conf. Proc., 1736, 2016,
020058.

2 F. Oroojalian, F. Charbgoo, M. Hashemi, A. Amani,
R. Yazdian-Robati, A. Mokhtarzadeh, M. Ramezani and
M. R. Hamblin, Recent advances in nanotechnology-based
drug delivery systems for the kidney, J. Controlled Release,
2020, 321, 442–462.

3 E. Santos, J. Albo and A. Irabien, Magnetic ionic liquids:
synthesis, properties and applications, RSC Adv., 2014, 4,
40008–40018.

4 D. Chand, M. Q. Farooq, A. K. Pathak, J. Li, E. A. Smith and
J. L. Anderson, Magnetic ionic liquids based on transition
metal complexes with N-alkylimidazole ligands, New J. Chem.,
2019, 43, 20–23.

5 K. D. Clark, O. Nacham, H. Yu, T. Li, M. M. Yamsek,
D. R. Ronning and J. L. Anderson, Extraction of DNA by
Magnetic Ionic Liquids: Tunable Solvents for Rapid and
Selective DNA Analysis, Anal. Chem., 2015, 87, 1552–1559.

6 A. Kulshrestha, P. S. Gehlot and A. Kumar, Paramagnetic
surface active ionic liquids: synthesis, properties, and appli-
cations, Mater. Today Chem., 2021, 21, 100522.

7 P. Brown, A. Bushmelev, C. P. Butts, J. Cheng, J. Eastoe,
I. Grillo, R. K. Heenan and A. M. Schmidt, Magnetic Control
over Liquid Surface Properties with Responsive Surfactants,
Angew. Chem., Int. Ed., 2012, 51, 2414–2416.

8 P. Brown, T. Alan Hatton and J. Eastoe, Magnetic surfac-
tants, Curr. Opin. Colloid Interface Sci., 2015, 20, 140–150.

9 A. Kulshrestha, G. Kumar, N. H. Khan and A. Kumar, Metal-
based surface active ionic liquids: Self-assembling charac-
teristics and CC bond functionalization of tertiary amines
with TMSCN in aqueous micellar solutions, J. Mol. Liq.,
2020, 299, 112157.

10 A. Kulshrestha, P. S. Gehlot and A. Kumar, Magnetic
proline-based ionic liquid surfactant as a nanocarrier for
hydrophobic drug delivery, J. Mater. Chem. B, 2020, 8,
3050–3057.

11 P. Brown, L. Bromberg, M. I. Rial-Hermida, M. Wasbrough,
T. A. Hatton and C. Alvarez-Lorenzo, Magnetic Surfactants
and Polymers with Gadolinium Counterions for Protein
Separations, Langmuir, 2016, 32, 699–705.

12 P. S. Gehlot, H. Gupta and A. Kumar, Paramagnetic Surface
Active Ionic Liquids: Interaction with DNA and MRI Appli-
cation, Colloid Interface Sci. Commun., 2018, 26, 14–23.

13 L. Xu, Y. Wang, G. Wei, L. Feng, S. Dong and J. Hao, Ordered
DNA-Surfactant Hybrid Nanospheres Triggered by Magnetic
Cationic Surfactants for Photon- and MagnetoManipulated
Drug Delivery and Release, Biomacromolecules, 2015, 16,
4004–4012.

14 L. Xu, L. Feng, J. Hao and S. Dong, Controlling the Capture
and Release of DNA with a Dual-Responsive Cationic
Surfactant, ACS Appl. Mater. Interfaces, 2015, 7, 8876–8885.

15 L. Wang, Y. Wang, J. Hao and S. Dong, Magnetic Fullerene-
DNA/Hyaluronic Acid Nanovehicles with Magnetism/Reduction

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:0

2:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00758k


492 |  Mater. Adv., 2022, 3, 484–492 © 2022 The Author(s). Published by the Royal Society of Chemistry

Dual-Responsive Triggered Release, Biomacromolecules, 2017,
18, 1029–1038.

16 S. Van Vlierberghe, P. Dubruel and E. Schacht, Biopolymer-
Based Hydrogels As Scaffolds for Tissue Engineering Appli-
cations: A Review, Biomacromolecules, 2011, 12, 1387–1408.

17 N. Reddy, R. Reddy and Q. Jiang, Crosslinking biopolymers for
biomedical applications, Trends Biotechnol., 2015, 33, 362–369.

18 T. N. Dinh, S. Hou, S. Park, B. A. Shalek and K. J. Jeong,
Gelatin Hydrogel Combined with Polydopamine Coating
To Enhance Tissue Integration of Medical Implants, ACS
Biomater. Sci. Eng., 2018, 4, 3471–3477.

19 S. K. Bhattacharyya, M. Dule, R. Paul, J. Dash, M. Anas,
T. K. Mandal, P. Das, N. C. Das and S. Banerjee, Carbon Dot
Cross-Linked Gelatin Nanocomposite Hydrogel for pH-
Sensing and pH-Responsive Drug Delivery, ACS Biomater.
Sci. Eng., 2020, 6, 5662–5674.

20 A. Bakravi, Y. Ahamadian, H. Hashemi and H. Namazi,
Synthesis of gelatin-based biodegradable hydrogel nano-
composite and their application as drug delivery agent,
Adv. Polym. Technol., 2018, 37, 2625–2635.

21 C. Shuai, W. Yang, C. He, S. Peng, C. Gao, Y. Yang, F. Qi and
P. Feng, A magnetic micro-environment in scaffolds for
stimulating bone regeneration, Mater. Des., 2020, 185, 108275.

22 K. Dashnyam, R. A. Perez, R. K. Singh, E.-J. Lee and H.-W.
Kim, Hybrid magnetic scaffolds of gelatin–siloxane incor-
porated with magnetite nanoparticles effective for bone
tissue engineering, RSC Adv., 2014, 4, 40841–40851.

23 X. Luo, S. Liu, J. Zhou and L. Zhang, In situ synthesis of
Fe3O4/cellulose microspheres with magnetic-induced protein
delivery, J. Mater. Chem., 2009, 19, 3538–3545.

24 W. Zhao, K. Odelius, U. Edlund, C. Zhao and A.-C.
Albertsson, In Situ Synthesis of Magnetic Field-Responsive
Hemicellulose Hydrogels for Drug Delivery, Biomacromole-
cules, 2015, 16, 2522–2528.

25 N. N. Reddy, Y. M. Mohan, K. Varaprasad, S. Ravindra,
P. A. Joy and K. M. Raju, Magnetic and electric responsive
hydrogel–magnetic nanocomposites for drug-delivery appli-
cation, J. Appl. Polym. Sci., 2011, 122, 1364–1375.

26 R. Barbucci, G. Giani, S. Fedi, S. Bottari and M. Casolaro,
Biohydrogels with magnetic nanoparticles as crosslinker:
Characteristics and potential use for controlled antitumor
drug-delivery, Acta Biomater., 2012, 8, 4244–4252.

27 J. Liao and H. Huang, Review on Magnetic Natural Polymer
Constructed Hydrogels as Vehicles for Drug Delivery, Bio-
macromolecules, 2020, 21, 2574–2594.

28 Y. Li, G. Huang, X. Zhang, B. Li, Y. Chen, T. Lu, T. J. Lu and
F. Xu, Magnetic Hydrogels and Their Potential Biomedical
Applications, Adv. Funct. Mater., 2013, 23, 660–672.

29 T. Mitsumata, A. Honda, H. Kanazawa and M. Kawai,
Magnetically Tunable Elasticity for Magnetic Hydrogels

Consisting of Carrageenan and Carbonyl Iron Particles,
J. Phys. Chem. B, 2012, 116, 12341–12348.

30 S.-H. Hu, T.-Y. Liu, D.-M. Liu and S.-Y. Chen, Nano-
ferrosponges for controlled drug release, J. Controlled
Release, 2007, 121, 181–189.

31 T.-Y. Liu, S.-H. Hu, K.-H. Liu, D.-M. Liu and S.-Y. Chen,
Preparation and characterization of smart magnetic hydro-
gels and its use for drug release, J. Magn. Magn. Mater.,
2006, 304, e397–e399.

32 L.-Y. Huang and M.-C. Yang, Behaviors of controlled drug
release of magnetic-gelatin hydrogel coated stainless steel
for drug-eluting-stents application, J. Magn. Magn. Mater.,
2007, 310, 2874–2876.

33 T. K. Indira and P. K. Lakshmi, Magnetic Nanoparticles – A
Review, Int. J. Pharm. Sci. Nanotechnol., 2010, 3, 1035–1042.

34 A. Cornellas, L. Perez, F. Comelles, I. Ribosa, A. Manresa
and M. T. Garcia, Self-aggregation and antimicrobial activity
of imidazolium and pyridinium based ionic liquids in
aqueous solution, J. Colloid Interface Sci., 2011, 355,
164–171.

35 C. de la Fuente-Nunez, P. Brown, M. D. T. Torres, J. Cao and
T. K. Lu, Magnetic Surfactant Ionic Liquids and Polymers
With Tetrahaloferrate (III) Anions as Antimicrobial Agents
With Low Cytotoxicity, Colloid Interface Sci. Commun., 2018,
22, 11–13.

36 K. Srinivasa Rao, T. Singh, T. J. Trivedi and A. Kumar,
Aggregation Behavior of Amino Acid Ionic Liquid Surfac-
tants in Aqueous Media, J. Phys. Chem. B, 2011, 115,
13847–13853.

37 L. Xu, L. Feng, J. Hao and S. Dong, Compaction and
decompaction of DNA dominated by the competition
between counterions and DNA associating with cationic
aggregates, Colloids Surf., B, 2015, 134, 105–112.

38 Y. Ono, H. Kawasaki, M. Annaka and H. Maeda, Effects of
micelle-to-vesicle transitions on the degree of counterion
binding, J. Colloid Interface Sci., 2005, 287, 685–693.

39 B. zu Putlitz, K. Landfester, S. Förster and M. Antonietti,
Vesicle-Forming Single-Tail Hydrocarbon Surfactants with
Sulfonium Headgroup, Langmuir, 2000, 16, 3003–3005.

40 P. S. Gehlot, H. Gupta, M. S. Rathore, K. Khatri and
A. Kumar, Intrinsic MRI contrast from amino acid-based
paramagnetic ionic liquids, Mater. Adv., 2020, 1, 1980–1987.

41 S. Hou, N. Ziebacz, S. A. Wieczorek, E. Kalwarczyk,
V. Sashuk, T. Kalwarczyk, T. S. Kaminski and R. Holyst,
Formation and structure of PEI/DNA complexes: quantita-
tive analysis, Soft Matter, 2011, 7, 6967–6972.

42 A. Dasgupta, P. K. Das, R. S. Dias, M. G. Miguel, B. Lindman,
V. M. Jadhav, M. Gnanamani and S. Maiti, Effect of Head-
group on DNA–Cationic Surfactant Interactions, J. Phys.
Chem. B, 2007, 111, 8502–8508.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:0

2:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00758k



