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A stable oil-in-water (O/W) magnetic emulsion was prepared by the emulsification of organic ferrofluid in an aqueous media, and
its theranostic applications were investigated. The synthesis and characterization of the organic ferrofluid were carried out
comprising of superparamagnetic maghemite nanoparticles with oleic acid coating stabilized in octane. Both exhibit spherical
morphology with a mean size of 6 nm and 200 nm, respectively, as determined by TEM. Thermogravimetric analysis was carried
out to determine the chemical composition of the emulsion. The research work described here is novel and elaborates the
fabrication of thin-film gradients with 5, 10, 15, and 20 bilayers by layer-by-layer technique using polydimethyl diallyl
ammonium chloride (PDAC) and prepared magnetic colloidal particles. The thin-film gradients were characterized for their
roughness, morphology, and wettability. The developed gradient films and colloids were explored in magnetic resonance
imaging (MRI) and hyperthermia. T1- and T2-weighted images and their corresponding signal intensities were obtained at
1.5T. A decreasing trend in signal intensities with an increase in nanoparticle concentration in colloids and along the gradient
was observed in T2-weighted images. The hyperthermia capability was also evaluated by measuring temperature rise and
calculating specific absorption rates (SAR). The SAR of the colloids at 259 kHz, 327kHz, and 518 kHz were found to be
156 W/g, 255 W/g, and 336 W/g, respectively. The developed magnetic combinatorial thin-film gradients present a significant
potential for the future efficient simultaneous diagnostic and therapeutic bioapplications.

1. Introduction

The significant advancement in nanotechnology made pos-
sible the production and designing of multifunctional
hybrid biomaterials that are highly appropriate for bio-
medical applications [1]. The development of magnetically
engineered colloids is of great interest because of their unique
properties and has emerged as promising functional tools for
bioapplications for simultaneous diagnostic and therapeutic
(theranostic) purposes. Their capability of being manipulated
under an external magnetic field provides controllable means
of magnetically tagging biomolecules, effective bioseparation,
and biosensing, magnetic resonance imaging (MRI) contrast

enhancement, and targeted drug delivery [2, 3]. In addition,
response to an alternating magnetic field allows the transfer
of magnetic energy to the particles in the form of heat, open-
ing the opportunity of being used as an important approach
to successful cancer therapy [4].

Among various magnetic nanoparticles, superparamag-
netic nanoparticles of single domains of about 5-20 nm as
mean diameter particularly magnetite (Fe;O,) and maghe-
mite (y-Fe,O;) are promising candidates for biomedical
applications due to their biocompatibility [5]. These are
widely explored in cancer theranostic bioapplications
because of their high magnetic moment, low toxicity, biolog-
ically tolerated in a broad range of concentrations, and
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synthesis through simplest, economical, and convenient
methods using ferric and ferrous salts such as nitrates,
chlorides, sulphates, perchlorates, etc. [6]. Recently, mag-
netic nanoparticles (MNP) coated with biopolymers have
gained much attention due to biocompatible, biodegradable,
and nontoxic properties of polymers. The organic/inorganic
surface coating around iron oxide nanoparticles is essential
for biomedical applications. It brings stoichiometric modifi-
cations on the surface of nanoparticles, good colloidal stabil-
ity, and low toxicity in the biological environment and
biocompatibility of oxide nanoparticles [7]. Hence, suitable
chemical design of magnetic polymer colloids is extremely
important in order to make them appealing for magnetic
resonance imaging for diagnosis, therapeutic actions of drug
delivery, and hyperthermia for combined imaging-guided
therapeutics [8].

Depending upon the application, there are several
methods to prepare polymeric magnetic nanoparticles among
which emulsion technique is the most common and oldest
technique [9]. This approach is based on the encapsulation
of iron oxide nanoparticles into a biodegradable polymer
matrix for improving particle stability and functionalization.
In this direction, polyesters such as poly(lactic-co-glycolic
acid) (PLGA), polycaprolactone (PCL), polylactic acid
(PLA), and polyethylene glycol (PEG) have been reported
due to their exceptional characteristics such as biodegradabil-
ity and biocompatibility [7]. The surface functionalization of
the nanoparticles affects the solubility and biodistribution of
the colloids inside the body and has a direct influence on
imaging capabilities and magnetic behavior of the nanoparti-
cles [10]. Regarding cancer diseases, these colloids are also
used as an effective tool for therapy, such as drug delivery
and hyperthermia. Furthermore, the employment of magnetic
polymer colloids to design multifunctional biothin films by
incorporating various materials to obtain molecular-level con-
trol presents numerous biomedical applications. The layer-by-
layer (LBL) self-assembled multilayer (SAMu) biothin films
are not only useful for diagnostics but are also helpful in
directing therapeutic agents by focusing on an external mag-
netic field to the target zone [11]. A broad range of stimuli-
responsive thin films have been fabricated and are used as a
point-of-care diagnostic devices that can be routinely applied
in everyday clinical practice. Thin films of nickel ferrites and
chitosan were fabricated by the LBL technique and investi-
gated for their ability to generate an intensity difference using
blood as a test liquid; however, T1 and T2 images were not
explored in detail [12]. Using the same manual fabrication
protocol, thin films were designed, fabricated, and character-
ized but the magnetic behavior of the films was not tested [13].

In some nanosystems, a combinatorial investigation is
best performed in which gradients were incorporated into
the thin films for fabricating lab-on-a-chip type films. The
development of such combinatorial and high-throughput
strategy can eliminate sample preparation steps and permit
the development of a disposable chip for a dipstick-like
approach toward molecular diagnostics. The combinatorial
technique is used not only for identifying new compositions
but also for the rapid optimization of the characteristics of
the material. The combinatorial approach shows a variation
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in composition, thickness, and functionality in a single
library and allows simultaneous synthesis and screening of
large arrays of different materials [14].

Efficient research methods and strategies have been
developed for combinatorial fabrication of thin films and
their high-throughput characterization. Most frequently,
physical and chemical vapor deposition techniques have
been applied for the rapid combination of libraries where
wide-ranging compositional variation is generated [15].

The current study aims at preparing oil-in-water (O/W)
magnetic emulsion by emulsification of organic ferrofluid
in an aqueous media. The organic ferrofluid prepared by
the coprecipitation method was stabilized in octane. This
magnetic fluid was then emulsified in an aqueous solution
containing a surfactant to obtain a stable emulsion of mag-
netic colloidal particles. Multiple techniques were used to
characterize the magnetic nanoparticles and the magnetic
polymer colloids. In addition, biothin-film gradients were
designed and fabricated using magnetic colloidal particles
and PDAC solution through the layer-by-layer technique
and were characterized to study their morphology/texture
and growth. T1- and T2-weighted images of a colloidal sus-
pension of nanoparticles with different iron concentrations
were obtained. To the best of our knowledge, combinatorial
thin-film gradients were never explored for an in vitro MRI
study. Heating response of the prepared magnetic emulsion
was also observed for hyperthermia treatment. This research
work is the first detailed work dedicated to the fabrication of
combinatorial thin-film gradients using the layer-by-layer
technique which can be a promising technique in the future
for disposable lab-on-chip as a dipstick approach for ultrasen-
sitive molecular imaging of bioanalytes. The technique used
for the fabrication of combinatorial thin-film gradients is sim-
ple, economical, environmentally friendly, and not time
consuming. The developed combinatorial thin-film gradients
can further be analyzed as a reservoir for therapeutic drug
for in vitro drug release and as a biomimetic multifunctional
assembly to develop a point-of-care on chip technology.

2. Materials and Methods

2.1. Materials. FeCl,-4H,0, FeCl,-6H,0, HCl (35%), NH,
(20%), oleic acid, octane, and polydimethyl diallyl ammonium
chloride PDAC (20 wt.% solution) of analytical grade were
purchased from Sigma-Aldrich (Germany). Sodium dodecyl
sulphate (SDS) used as an anionic surfactant was purchased
from Sigma-Aldrich (Germany). Concentrated sulphuric acid
(H,SO,) (Sigma-Aldrich, 95-98% purity) and potassium
dichromate (Scharlau, reagent grade) were used for cleaning
the glass substrate. Glass microslides as a substrate for the fab-
rication of films are from Thermo Fisher Scientific. Ultrapure
water was used for the preparation of all solutions. All chemi-
cals/materials were of analytical grades and used as received.

2.2. Synthesis of Magnetic Emulsion

2.2.1. Preparation of Aqueous Ferrofluid. Coprecipitation is a
simple and convenient technique to prepare magnetic nano-
particles based on the reduction of metallic elements under
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different salt conditions [6]. The ferrofluid synthesis was
carried out at 20°C in a thermostatically controlled
500 mL reactor equipped with a mechanical stirring system
consisting of a three-branched Teflon anchor. Ferrous and
Ferric chlorides were first dissolved in hydrochloric acid
(I1M). When the dissolution of the iron salts was completed
with the formation of an orange homogeneous solution, the
concentrated ammonia solution (20%) was quickly added
to the reactor with vigorous stirring at 1000 rpm. The imme-
diate appearance of a black precipitate corresponds to the
formation of iron oxide. The coprecipitation reaction is
continued in an ammoniac medium for one hour. The pH
of the reaction medium was then close to 9.

2.2.2. Preparation of Organic Ferrofluid. The above prepared
aqueous ferrofluid was kept under slow stirring in the prepa-
ration reactor. The oleic acid was then added directly to the
reactor. One hour later, the entire reaction medium was
recovered in a beaker. Octane was gradually incorporated
into the beaker using a pipette. The mixture was then placed
on a magnetic stirring plate for two hours. The iron oxide
nanoparticles coated with oleic acid spontaneously pass from
the ammoniac phase to the organic phase, which results in
very clear phase separation between a clear lower phase
(aqueous phase) and an upper phase constituted by the
organic ferrofluid.

2.2.3. Preparation of (O/ W) Magnetic Emulsion. The first step
was to prepare a starting polydisperse emulsion of ferrofluid
referred to as “preemulsion.” This preemulsion was obtained
by gradually incorporating the organic ferrofluid in an
aqueous solution containing a surfactant (SDS) with mod-
erate stirring. The prepared magnetic emulsion was highly
sheared before performing a magnetic sorting process to
obtain narrow size distribution. Octane was removed via
evaporation process using rotary evaporation. The final
magnetic emulsion was then dispersed in the SDS solution
for further characterization and usage.

2.3. Designing Strategy for Fabrication of Combinatorial
Thin-Film Gradients. The basic principle of the layer-by-
layer technique is the deposition of a substrate such as
glass slides in polyelectrolyte and charged colloids solution
having opposite charges as presented in Figure 1. Glass
slides were first cleaned by overnight dipping in chromic
solution (10wt.% aqueous potassium dichromate: conc.
H,S0,50 : 50 v/v) by which they got negative charges on
their surface. In this technique, glass slides were first
dipped in positive polyelectrolyte solution for 10 minutes
followed by rinsing in ultrapure water twice for five
minutes. This results in the first positive layer with the
removal of unbound molecules on the glass slide. Then, the
glass slides were exposed to the negatively charged solution
(solution of prepared magnetic emulsion) again for ten
minutes followed by rinsing in ultrapure water twice for five
minutes. This results in a single bilayer formation on the
substrate that includes one bilayer of polyelectrolyte and
magnetic colloids. The number of bilayers deposited is deter-
mined by the number of cycles that the substrate undertakes.

Following this scheme, combinatorial thin-film gradients were
fabricated by varying the exposed surface of the substrate to
the solution of polyelectrolyte and magnetic colloids by chang-
ing the solution level. Combinatorial thin-film gradients were
fabricated having four distinct regions with 5, 10, 15, and 20
bilayers on a glass substrate. The dipping level of the solution
is changed after the completion of every 5 bilayers to make
gradients in the films.

2.4. Characterization Techniques. The average hydrodynamic
diameter (Dy), particle size distribution, and surface charge
of the magnetic nanoparticles were determined by Malvern
Zetasizer (Nano ZS, Malvern Instruments Limited, U.K).
The measurements were carried out in a 1 mM NaCl solution
at 25°C. The physical size of the prepared nanoparticles was
examined using Transmission Electron Microscopy (TEM,
Netherland) with a Philips CM120 microscope at the “Centre
Technologique des Microstructures” (CT) at the University
of Lyon (Villeurbanne, France). Thermogravimetric analysis
of organic ferrofluid and colloids was achieved by the ther-
mogravimetric analyzer (NETZSCH-TG209F1 Iris® ASC,
Germany) in the inert atmosphere from room to 600°C
temperature at the heating rate of 10°C/min. The magnetic
properties of dried magnetic colloids were studied at room
temperature by using a vibrating sample magnetometer
(Automatic Bench of Magnetic Measurements-ABMM
(UK) at the University of Lyon, Villeurbanne, France).

Detailed analysis to determine surface properties of the
thin films including film morphology, distribution of col-
loids, and covered area was observed using low-vacuum
analytical scanning electron microscopy (SEM, JEOL JSM
6490LA, Japan) at an accelerating voltage of 20kV at various
magnifications. Morphology and nanostructures of the
prepared films were obtained by an atomic force microscope
(AFM, Jeol JSPM-5200, Germany) operating in AC or
tapping mode, using a commercially available silicon probe.
All samples were also imaged using AFM in tapping mode
with magnetic force microscopy (MFM) in hover mode
under ambient conditions to observe the deposition of bilay-
ers in each section. The contact angle of different sections of
the gradient was measured by using drop shape analyzer
DSA 25 (KRUSS Advanced 1.8.0.4, Germany) based on the
sessile drop technique. To measure the contact angle, a 10-
15uL drop of ultrapure water was placed on the surface
of a glass slide using a needle. The angle between the
liquid/vapor interface and the solid/liquid interface (i.e.,
contact angle) was measured by using the ADVANCE
software installed in the drop shape analyzer. Film thick-
ness was measured by optical profilometer (NANOVEA
PS-50, USA) by moving the probe along the substrate
(glass slide) having self-assembly of thin films to acquire
the surface height.

2.5. Magnetic Resonance Imaging (MRI) of Magnetic Colloids
and Thin-Film Gradients. To study the diagnostic capability
of magnetic colloids and their films, MRI was carried
out by using a clinical MRI machine (GE SIGNA
EXPLORER, USA) of 1.5 Tesla having a FOV of 22cm
and an aperture of 60cm. Samples were prepared with
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FIGURE 1: Fabrication of combinatorial thin-film gradients using the layer-by-layer technique.

different concentrations in water in glass vials designated as
A0, Al, A2, A3, A4, and A5. T1- and T2-weighted images
were obtained with different values of MRI field echo (FE)
sequences (TR and TE) to study signal intensity. All samples
were placed in the MRI machine on the top of the multichan-
nel body coil. Contrast images were analyzed using host soft-
ware SV 25 available in MRI machine, and region of interest
(ROI) was calculated with the statistical tool K-PACS Work-
station (Version 1.5). Water was used as a control to compare
the contrast of colloids.

MRI of thin films was also performed using T1 and T2
sequences with different values of MRI field echo (FE)
sequences (TR and TE). Glass microslide was immersed in
ultrapure water in a custom made polyacrylic cell. Then,
the cell is placed inside a magnetic coil to obtain MRI images.
The same region of interest was taken in every section of the
films having 5, 10, 15, and 20 bilayers, and uncoated region
was taken as a reference. The intensity data was measured
in Hounsfield units based on the number of pixels contained
within the ROI. The relative intensity of each section was
measured by taking the mean values of the intensity. All the
images were taken in axial mode (along the z-axis) with a
slice thickness of 4 mm and a spacing of 1 mm.

2.6. Hyperthermia Study. To study the heating effect of the
prepared magnetic colloids, hyperthermia measurement of
the prepared magnetic emulsion was done by Nanotheric
Magnetherm 1.5 induction unit, operating at different fre-
quencies. The temperature of the field coils was maintained
by circulating water at 12°C. A small quantity (1 mL) of the
magnetic emulsion was taken in an Eppendorf tube and placed
in an insulating cylindrical container under an alternating
magnetic field. Temperature rise was noted for a specific time
with the “Neoptix optical fiber” temperature sensor. SAR
values were calculated by using Equation (1) [16].

cM dT
AR= — . —, 1
S m dt (1)

where c is the specific heat of the sample, M is the total mass
of the sample (in grams), and m is the mass of magnetic
nanoparticles (in grams). dT/dt is the initial linear slope of
the sample temperature profile obtained by a linear fitting
of the experimental data over the short time interval.

3. Results and Discussion

The salient overview of the experimental work is presented in
Figure 2 to highlight magnetic colloidal particles and the
potential bioapplications of combinatorial thin-film gradi-
ents fabricated by using the layer-by-layer technique for
MRI analysis and magnetic hyperthermia. MRI analysis
showed that the developed film gradients enable us to per-
form imaging experiments in a single step for disposable
lab-on-chip as a dipstick approach for diagnostic applica-
tions, and magnetic colloids deposited in film gradients are
considered as T2 contrast agents. Hyperthermia measure-
ments of magnetic colloidal particles showed a significant
heating effect in an alternating magnetic field to exhibit their
suitability for therapeutic applications. The present research
has significant potential for advances in polymer technology
to design and develop magnetic colloidal particles and their
combinatorial thin films for future efficient simultaneous
diagnostic and therapeutic bioapplications.

3.1. TEM and Dynamic Light Scattering (DLS) Analysis of
Aqueous Ferrofluid and Magnetic Emulsion. The aqueous
ferrofluid synthesized by coprecipitation was analyzed by
TEM. It was observed that particles were well dispersed
with minor aggregation due to the absence of any stabi-
lizer that weakens the magnetic interactions between the
particles [17]. No stabilizing agent was used during the
synthesis to get superparamagnetic nanoparticles. Agglomer-
ation of particles was due to the attractive forces between the
magnetic nanoparticles [18]. Some partial aggregation is
probably caused by the preparation of the samples for TEM
measurement. The observed clusters may also be attributed
to the capillary forces during the drying process of the drop-
let deposited on the grid before TEM analysis. Results of the
TEM analysis in Figure 3(a) showed that the magnetic nano-
particles were spherically shaped and uniformly distributed
in size with a mean diameter in number (D,) of around
6.6nm and 8nm as a mean diameter in weight (D,,). The
polydispersity index (PDI) was calculated by the analysis of
the TEM plate and it was found to be 1.2 (PDI=D,/D,).
The small size of the particles indicates that the nanoparticles
were in the superparamagnetic regime [19]. Figure 3(b)
shows the size distribution of aqueous ferrofluid nanoparti-
cles which was carried out using dynamic light scattering
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F1GURE 3: (a) TEM analysis of the prepared aqueous iron oxide nanoparticles. (b) Dynamic light scattering (DLS) analysis of highly diluted

aqueous ferrofluid.

analysis (DLS). The mean hydrodynamic size of the magnetic
nanoparticles was found to be around 5nm which was in
agreement with TEM analysis. The narrow size distribution
was due to the spherical morphology and negligible magnetic
agglomeration [17].

The prepared colloidal particles were also determined by
TEM to observe their morphology, structure, and size. TEM
images proved the colloidal stability of the particles without

aggregation [17]. Figure 4(a) shows the spherical shape of
the particles having a smooth surface texture and of nano-
metric size around 200 nm. The average hydrodynamic par-
ticle size was found to be 200nm with a polydispersity
index of 0.023 (Figure 4(b)). The lower value of PDI indicates
the monodispersity of the system with an excellent colloidal
stability [20]. The zeta potential is the measure of repulsive
forces between particles, and its value indicates the colloidal
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FIGURE 4: (a) TEM image of the magnetic emulsion. (b) Particle size distribution of the prepared magnetic emulsion via dynamic light
scattering technique. (c) Evolution of the zeta potential of the magnetic emulsion as a function of pH.

dispersion stability [21]. Zeta potential of the prepared emul-
sion as a function of pH was found to be between -20 and
-36mV as shown in Figure 4(c). The observed negative zeta
potential was attributed to SDS sulphate groups present on
the surface of the magnetic nanoparticles.

3.2. TGA of Organic Ferrofluid and Magnetic Emulsion. For
the present study, the objective of thermogravimetric analysis
(TGA) was to determine the chemical composition and
thermal behavior of the organic ferrofluid and magnetic
emulsion based on thermal decomposition. The TGA was
used for quantitative analysis to determine both organic
and inorganic phases. The TGA profile of pure oleic acid
typically exhibited single-step thermal degradation with
the maximum rate at around 280°C as several studies
reported in the literature [22-24]. In the present work,
the TGA was carried out in the range of room temperature
to 600°C in an inert atmosphere with a heating rate of
10°C/min. Figure 5 shows the thermal behavior of the organic
ferrofluid, illustrating the variations of the residual masses of

the samples with the increasing temperature. About 20%
of weight loss between 25°C and 550°C is attributed to
the degradation of oleic acid in organic ferrofluid [25]. It
was also observed that the weight loss is composed of
two steps, and this is in good agreement with the reported
literature [24]. The first weight loss of about 3% between
25°C and 250°C was due to the loss of oleic acid that acts
as an outer layer. The second weight loss of about 17%
was attributed to the loss of the oleic acid layer (inner
layer) strongly bound to the magnetic nanoparticles
because of the covalent bond formation that is related to
the affinity between the carboxylic group of oleic acid
and ferric and ferrous ions on iron oxide nanoparticles
[26, 27]. The amount of maghemite in ferrofluid can be
estimated from the residual mass percentages. TGA curve
shows that the oleic acid would completely decompose when
the temperature reached 550°C. According to mass loss data
from the TGA for organic ferrofluid, the maghemite content
in the ferrofluid was found to be 80%, showing that the for-
mulation containing 20 wt.% oleic acid with respect to total
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F1GURE 5: Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of dried organic ferrofluid.

formulation weight [24, 28, 29]. There were two endotherm
peaks observed in DTA (differential thermal analysis) cor-
responding to the weight loss in two steps in the range of
200°C to 500°C that confirmed the formation of a bilayer
of oleic acid on the maghemite surface. The outer layer
which was physically adsorbed on the inner layer gets
decomposed at a lower temperature while the inner layer
that was strongly bonded to the particle surface undergoes
decomposition at higher temperature [30]. The second
endotherm was observed at around 350°C revealing the
complete decomposition of oleic acid.

The iron content in the prepared magnetic emulsion
was also determined by thermogravimetric analysis
(TGA). This technique consists of measuring the loss of
mass of the analyzed sample (in powder form) by thermal
degradation of ferrofluid [31]. The crude magnetic emul-
sion was washed extensively before TGA; this removed
all the impurities including the physically adsorbed outer
layer of oleic acid. Since oleic acid was used in high excess,
therefore, free molecules of oleic acid that formed the
outer layer were mainly oriented to the water interface.
It resulted in single-step degradation unlike the two-step
degradation observed in the case of organic ferrofluid. There
was no significantly different thermal change observed as
noted in these studies. It is expected that similar trends of
thermal degradation of oleic acid took place in the prepared
magnetic emulsion. Figure 6 shows that about 25% of the
weight loss was due to the degradation of oleic acid in ferro-
fluid droplets found in the magnetic emulsion [30]. The
thermograms for magnetic emulsion show that the loss of
mass was gradual. A broad endotherm peak was observed
around 350°C that corresponds to the complete degradation
of surfactants. Thus, a mass loss using TGA demonstrated
that magnetic emulsion was found to be composed of 75%
of iron oxides and 25wt.% oleic acid that remained bound
to nanoparticles and could not be washed oft [32].

3.3. Magnetization Measurement of Organic Ferrofluid and
Emulsion. The saturation magnetization of the ferrofluid

is shown in Figure 7. It was determined by extrapolation
(magnetic field-H — o0) of the line obtained by plotting
magnetization - M = f (1/H) and was close to 55emu/g.
This value was close to the theoretically saturated magne-
tization of maghemite (M, =76emu/g) and reflects the
excellent magnetic properties of iron oxide nanoparticles
[33]. Differences between experimental and theoretical
values were frequently reported in the literature and justified
by the existence of defects in the crystal structure or the
presence of nonmagnetic compounds incorporated during
emulsion formulation [34]. In our case, this difference was
mainly attributed to magnetically inactive oleic acid used to
prepare organic ferrofluid, which accounts for almost 20%
of the total mass of the organic ferrofluid [35]. Considering
the composition of the magnetic emulsion, the saturation
magnetization reached 40 emu/g, revealing that the super-
paramagnetic behavior of the magnetic particles was retained
after emulsification[33].

3.4. Combinatorial Thin-Film Thickness. The thickness of
self-assembled combinatorial thin film gradients depends
on the number of bilayers of adsorbed polyelectrolyte and
magnetic colloidal particles [36]. Film thickness was mea-
sured by optical profilometer, and it was clearly shown in
Figure 8 that the thickness varies with the number of bilayers.
The thickness increases almost linearly after the deposition of
every five bilayers. Less increase in the thickness after the
deposition of five bilayers could be due to the substrate effect
[37]. The total thickness of films having 5, 10, 15, and 20
bilayers was 50 ym, 82 ym, 142 ym, and 232 pum, respectively.
The film thickness increasing with bilayers shows uniform
growth of PDAC/magnetic colloids thin films with a distinct
interface between coated and uncoated surfaces.

3.5. Scanning Electron Microscopy (SEM) of Combinatorial
Thin-Film Gradients. Film morphology, distribution of col-
loidal particles, and area coverage were determined by SEM
at various magnifications. The oppositely charged particles
adsorbed onto the substrates have increased with the increase
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in the number of bilayers. SEM images also revealed agglom-
eration of particles due to electrostatic attraction between
oppositely charged polyelectrolytes showed in Figure 9. The
gradient films of PDAC and negatively charged colloids in
different bilayer sections undergo charge overcompensation
phenomenon that was directly related to layer-by-layer
adsorption of particles in successive steps [38]. Increasing
the number of washing steps or varying the substrate can lead
to a uniform distribution of opposite charges and ensure
uniformity in film deposition [39].

Oppositely charged colloids deposited in the first layer
served as sites for the second layer. The surface adsorption

and agglomeration of magnetic colloidal particles progres-
sively increased with the number of bilayer colloids [40]. In
5 bilayers, much less fractions of glass slide surface area
were covered as compared to 10, 15, and 20 bilayers due
to substrate effect [37].

Electrostatic interactions between negatively charged
magnetic colloidal particles and positively charged PDAC
played an important role in the growth of thin films. Thus,
one may easily tune the characteristics of the thin films by
controlling the colloids concentration on the surface. The
magnetic colloidal particles were directly adsorbed on the
glass slide without any change in their properties, such as size
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and shape; these are very important for in vitro applications
of the films [13].

3.6. Contact Angle of Combinatorial Thin-Film Gradients.
Figure 10 shows a decrease in contact angle values with an
increase in the number of bilayers that was necessary for
T2-weighted MRI contrast agents. The decrease in contact
angle with bilayers confirms the phenomenon of charge
overcompensation in growing thin films [41] and an
increase in hydrophilicity of films that results in greater
interaction of water molecules with the fabricated films.
There was a regular decrease in contact angle with an
increasing number of bilayers. The decreasing trend of con-
tact angle in fabricated gradient films can be attributed to a
higher colloidal particles deposition [40]; this is highly
important for MRI [13].

3.7. Quantitative Analysis of Topography of Combinatorial
Thin-Film Gradients by Atomic Force Microscopy (AFM)
and Magnetic Force Microscopy (MFM). AFM and MFM
imaging were achieved for each section of the combinatorial
thin-film gradient deposited on a glass slide. Figures 11 and
12 shows the AFM and MFM images of thin-film gradients
of magnetic colloidal particles. AFM images show the
increasing coverage and agglomeration in 3D images as the
number of bilayers increases [40]. The gradient trend can
be seen from the AFM results in Figure 11 showing that, as
the number of bilayers increases, the number of particles
deposited also increases along the substrate. It was also
observed that the deposition of particles in each section of
bilayers (5, 10, 15, and 20) was nonlinear. This type of non-
linear deposition has been observed in the case of the LBL
technique [42]. In addition, the distribution of particles on
substrates became more uniform with the increase in the
number of film bilayers. It is clearly evident that with the
increase in the number of bilayers, there is a significant
increase in the deposition of magnetic colloidal particles on
the surface of the prepared films via a self-assembly process.
The number of adsorption sites increased with the number of

bilayers indicated the increase in thickness and roughness
of the surface [13, 43]. As a consequence, an increase in
the number of deposited colloidal particles with the
increase in the number of bilayers leads to the increase in
surface roughness along the substrate for 5, 10, and 15
bilayers; this is in agreement with the reported literature
[12, 13]. But we observed a slightly different behavior of
gradient films with 20 bilayers. The surface with 20 bilayers
observed to be relatively smoother as compared to surfaces
with 5, 10, and 15 bilayers. The root-mean-square values
(Rq) of surface roughness were 19.1 nm, 41.2nm, 47.5 nm,
and 34nm for 5, 10, 15, and 20 bilayers, respectively,
whereas average roughness (R,) values were 12.2nm,
29.8nm, 39.2nm, and 27.3 nm for 5, 10, 15, and 20 bilayers,
respectively. The surface roughness of films with 20 bilayers
is lower as compared to 5, 10, and 15 bilayers, and that
anomaly may be attributed to various factors that affect
the resolution of the surface roughness measurement. The
AFM system noise effects limit the vertical resolution, and
the tip radius effect limits the spatial resolution [44]. Due
to these effects, film gradients with 20 bilayers showed a
decrease in R, and R, values. Tip geometry directly correlates

to the roughness value [45]. When the tip is sharp, it obtains
an accurate feature of the surface. But as the tip becomes
blunt, it cannot approach the bottom of the sample, so it
obtains a skewed feature of the surface. In short, as the tip
radius increases, the roughness value decreases. In the
tapping mode, AFM tip sharpness degraded more than
80%, and its diameter changed significantly as its tip end
got damaged progressively during the scans which affect the
roughness measurements. The system noise is equally impor-
tant since when the noise gets mixed into the AFM results;
the AFM cannot accurately measure the accurate roughness
[46]. The charge on the polyelectrolyte, substrate-PDAC
interactions, and substrate dipping time in polyelectrolytes
also affected the adsorption behavior in LBL thin films [47].
Agglomeration of colloidal particles was due to the electro-
static interactions between oppositely charged polyelectro-
lytes on the surface.

MEFM images of different sections of bilayers were also car-
ried out to characterize and localize magnetic nanoparticles at
the nanoscale as shown in Figure 12. It was clearly evidenced
from the MFM images that individual magnetic nanoparticles
cannot be detected by MFM because the magnetic field is
directly proportional to the diameter of the particles and thus
very small. MFM contrast was generated by the interaction
between the MFM probe and the magnetic field close to the
sample surface. These local nanoscale magnetic interactions
cause deflection of the probe which produces a measurable
signal monitored for the magnetic imaging of the sample
[48]. The phase image contrast represents magnetic force gra-
dient mapping. MFM images of combinatorial gradient films
showed that, as the number of bilayers increases, brighter fea-
tures were higher. An increase in density can be seen through
the contrast caused by the magnetic properties of the surface
being characterized. Thus, the MFM images showed the mag-
netic field distribution of a sample on the nanoscale, and no
extensive sample preparation is needed. In each section of
bilayers, agglomeration of particles in the form of clusters
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FiGgure 10: Contact angle measurements of combinatorial thin-film gradients.

was successfully imaged. From the MFM images, one can see
the phase shift in terms of degrees resulting from the tip and
sample interactions [49]. As the number of adsorbed colloids
increases with the number of bilayers, there can be an increase
in the interaction between the tip and the substrate that causes
the shift in the oscillation of the cantilever. The difference in
phase angle between free and interacting cantilever oscillation
causes a phase shift that increases with increasing bilayers. The
larger the phase shift, the better the magnetic properties of the
samples [50]. A negative phase shift over small magnetic
domains was observed in MFM images. This was due to
attractive interactions between the probe and the magnetic

domain. In addition, the magnetically induced phase shift
can have both positive and negative regions over a single mag-
netic domain when the probe-magnetic domain distance is
small, rather than being a unidirectional effect [48].

3.8. MRI Analysis of Magnetic Colloids and Combinatorial
Thin-Film Gradients. MRI is a very time consuming and
expensive diagnostic investigation as compared to other
methods such as X-ray and computed tomography (CT).
There are no known side effects of MRI scans because it does
not involve any kinds of radiations, but it uses magnetism
that can distort images of the patients having heart



Advances in Polymer Technology 11

5 bilayers
7246.6 nm
Image information
R, = 12.2 nm R = 19.1 nm
[o73mm g = 197.6 nm R = 246.6 nm
= 50.2 um? S ratio = 1.02
F148.0 nm
Histogram/bearing ratio
4.80k 100 (%)
1-98.7 nm
3.60 k
240k
49.3 nm
" 1.20k
0.00k T 0 (%)
.0 nm 0 246.6 nm
10 bilayers
318.4 nm
Image information
= 29.8 nm R = 41.2 nm
F2547nm | R = 223.5n0m R,= 318.4 nm
= 50.0 um* S ratio = 1.02
F191.1 nm
Histogram/bearing ratio
240k 100 (%)
F127.4 nm
1.80k
120k
3.7 nm 0.60 k
0.00 k - 0 (%)
318.4nm
.0 nm
15 bilayers
250.7 nm
Image information
R, = 39.2 nm R = 47.5nm
200.6nm | Ry, = 243.0 nm R, = 250.7 nm
S= 50.5 um* S ratio = 1.03
150.4 nm
Histogram/bearing ratio
100 (%)
100.3 nm
50.1 nm
0 (%)
0 250.7 nm
0.0 nm
20 bilayers
—-281.5 nm
Image information
R = 27.3 nm R = 34.0 nm
225.2 nm R 185.4 nm R,= 281.5nm
= 102.2 um® S ratio = 1.02
-168.9 nm
Histogram/bearing ratio
1.60 k 100 (%)
F112.6 nm 120k
0.80 k
56.3 nm 0.40 k
0.00 k : 0 (%)
.0 nm 281.5nm

FiGure 11: AFM images of combinatorial thin-film gradients of PDAC and prepared magnetic colloidal particles.

pacemakers, metal implants, metal chips, or clips that can  cal clips, or any other foreign metallic material inside the
interact with the magnet. MRI contrast agents can cause an  body. Out of all these side effects, claustrophobia is one of
allergic reaction, flushing sensations, coldness, headache, = the dominant sensations during MRI scanning in which the
itching, nausea in patients, and distortion of images obtained =~ patient feels uncomfortable due to the fear of being enclosed
by MRI scanners due to the presence of metallic chips, surgi-  or trapped. MRI is also not suitable for patients having
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asthma, anemia hypotension, and sickle cell disease. Differ-
ent other methods are used for imaging like X-ray, CT, and
positron emission tomography (PET), but MRI is the safest
procedure to produce images of the body structures. The
main advantage of the present work is the in vitro noninva-
siveness diagnosis of biological fluids using combinatorial
thin-film gradients. The developed technique lessens the time
and expense of the MRI procedure and reduces animal exper-
imentation. The development of such films permits the
advancement of the easiest sample application, economic,
reproducible, and a disposable chip for dipstick-like
approach towards molecular diagnostics.

3.8.1. Effect of Iron Concentration of Colloids on Imaging.
Magnetic nanoparticles are considered as T2 contrast agents
because they reduced the spin-spin relaxation time [51]. For
this purpose, the experimental work carried out to determine
the extent to which these particles would enhance the con-
trast of an MRI image through T1 and T2 sequences. T2
was characterized by spin-spin relaxation time in which the
transverse component of the magnetization vector exponen-
tially decayed towards its equilibrium value of zero in MRI.
On the other hand, T1 was the spin-lattice relaxation in
which longitudinal components of the magnetization vector
exponentially recovered to its initial value. Both T1 and T2
are different for different tissues.

MRI characteristics of the prepared O/W emulsion were
investigated at various concentrations of iron in the water.
Glass vial containing only water was used as a control to
compare the contrast capability of the emulsion. These sam-

ples were exposed to a magnetic field, a radiofrequency pulse
that causes atoms spin and relax after the pulse stops. This
relaxation time was detected by the scanners and mathemat-
ically converted into an image. The MRI contrast capability
of all the samples having different concentrations was ana-
lyzed and compared to water. MRI images represent the
placement of samples inside the MRI machine. The MRI
images were recorded, and equal region of interest (ROI)
was drawn manually to obtain average intensity data based
on the number of pixels within ROL Graphs were made using
concentrations of iron and acquired ROI intensity. T1-
weighted images were obtained by varying TR values (420,
520, 620, 720, and 820 ms) keeping TE fixed at 20 ms, and
T2-weighted images were obtained at different TE values
(45, 75, 105, 135, and 165 ms) at constant TR 5000 ms.

Figure 13 characterizes the comparison of the average
intensity of various samples in the case of T1- and T2-
weighted images at TE 75 ms and TR 520 ms. It was observed
that all the samples were better T2 contrast agents, as there
was no significant effect of concentration on T1 intensity.
Also, the T2 negative contrast capability increases with an
increase in the concentration of iron in samples that is in
good agreement with the reported literature [52, 53]. Com-
pared to water which appeared brighter, T2-weighted images
of magnetic colloids appeared to be darker. T2 intensity
values of samples indicated their sensitivity as MRI contrast
agents.

The T1- and T2-weighted images were obtained through
T1 and T2 sequences. As the iron concentration increases in
water, signal intensity decreases significantly from higher to
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lower values; this is in agreement with the reported values
[54-56]. It showed the potential of the prepared emulsion
as negative contrast agents. MRI signal intensity varies with
TE values. The energy exchanged between protons in water
increased with the concentration that resulted in the
enhancement of the T2 relaxation rate. An increase in iron
concentration creates inhomogeneity in an externally applied
field that leads to the dephasing of the magnetic moments
and eventually T2 shortening [57]. The lower intensity values
compared to water indicated a negative contrast property of
these formulations in the case of T2 sequences. The nature
of surface coating or functionality on the magnetic nanopar-
ticles also affected the relaxivity of magnetic colloids. It can
also be concluded that the emulsification of magnetic nano-
particles in an aqueous phase in this formulation increased
the hydrophilicity of particles that allowed greater proximity
of water molecules to the nanoparticles, leading to a shorten-
ing of T2 relaxation. Hydrophilic and hydrophobic nature of
coating affects the degree of hydration and thus their ability
to generate contrast in MRI imaging [58]. The surface coat-
ing of magnetic particles also prevents the aggregation of
particles and thus reduces the interparticle distance that leads
to a shortening of the T2 relaxation rate. Relaxivities were
strongly affected by particle aggregation [59].

From the results of the signal intensity of T1-weighted
images, it was revealed that the concentration of iron did
not significantly affect the degree of contrast in TI-
weighted images. Thus, the prepared magnetic colloidal
particles were considered as T2 contrast agents rather than
T1. Surface modification of magnetic nanoparticles influ-
enced the imaging capabilities, hence also affected the T1
relaxivity [58]. It was observed that a sufficient amount
of iron is required to generate contrast in MRI and to
improve the visibility of internal body structures in MRI
[60]. Magnetic resonance imaging contrast agents also

13

induce noticeable relaxation time change in the atoms of
body tissues after oral or intravenous administration. The
intensity data obtained from MRI images suggest that these
formulations could be helpful to develop more effective
contrast agents for diagnosis and can be explored for various
biomedical applications. Thus, the T2 has strong relaxivity
that resulted in a strong variation in T2 signal intensity in
the prepared colloids. The mean signal intensity data for all
the samples were calculated, and the bar graphs of the mean
signal intensity values along with standard deviation values
were plotted for each TE sequence (45, 75, 105, 135, and
165 ms) at TR 5000 ms. Signal intensity showed a constant
decreasing trend for all the samples at all TE values, which
was observed from Figure 14.

3.8.2. MRI Analysis of Combinatorial Thin-Film Gradients.
The objective of the present work was also to investigate
combinatorial thin-film gradients for their efficacy as con-
trast imaging agents via MRI to evaluate whether these films
were able to generate any contrast. MRI was carried out using
a clinical 1.5T MRI machine. Glass slides having gradients
were immersed in a test liquid (ultrapure water) and
examined at room temperature. An uncoated region was
taken as a reference to compare the difference between
the contrasts generated by the gradients. The axial MRI
images of thin films were obtained which showed five differ-
ent regions in combinatorial thin-film gradients (uncoated, 5,
10, 15, and 20 bilayers). The results indicated that magnetic
colloids in combinatorial thin films can generate contrast.
Signal intensity decreased with the increase in the number
of bilayers from 5 to 20. The decrease in signal intensity along
the gradient was due to an increase in the number of particles
deposited on the slide and a decrease in contact angle that
enhances the interaction of water molecules and colloids
[13]. An increase in the number of particles adsorbed in thin
films along the gradient from 5 to 20 bilayers was evident
from SEM results, due to which there is a decrease in MRI
intensity count. Due to the hydrophilic nature of the films,
it is considered highly eflicient to generate contrast in the
images formed in MRI scans. Furthermore, functionalization
of the surface of magnetic nanoparticles enables their use as
multifunctional particles in cancer treatment and multimod-
ality imaging.

Agglomeration of magnetic colloids upon interaction
with bioanalytes results in an increase or decrease of MRI
intensity, thus showing their potential capability as a contrast
agent and forms the base of detection [57]. In the case of
combinatorial thin-film gradients, agglomeration was due
to the self-assembly of particles rather than interaction with
analytes. This study revealed that the combinatorial thin-
film gradients of adsorbed magnetic colloids on glass micro-
slides have assisted in decreasing the contrast of the image
formed by MRI [52, 53]. This work has significant prospects
to enhance and improve the future point-of-care lab-on-chip
to develop highly efficient imaging via surface-based MRI of
a wide variety of molecules and cells present in the sample of
the blood pool such as white blood cells, red blood cells, and
platelets. The development of combinatorial gradient thin
films eradicated the necessity of injecting magnetic colloids
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into a living body as contrast agents and prevents the associ-
ation of living organisms in experimentations. Thin films can
be fabricated with specific receptors that respond to certain
cells which further improve cellular visualization. Difference
in contrast in combinatorial thin-film gradients significantly
enhances the sensitivity of the films and allows their usage in

microfluidic lab-on-chip MRI systems. The mean signal
intensity values of uncoated, 5, 10, 15, and 20 bilayer sections
in combinatorial gradient thin films were calculated, and the
graphs of the mean signal intensity values with standard
deviations were constructed against T2 sequence (TE 45,
75, 105, 135, and 165 ms). A persistent decreasing trend in
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intensity was observed at all TE sequences as shown in
Figure 15.

3.9. Hyperthermia Measurement of Magnetic Colloidal
Particles. This part of the study aimed at evaluating the heat-
ing capability of colloidal particles (magnetic emulsion) as
hyperthermia mediators. The heating profiles of the sample
were estimated and plotted as a function of time, shown in
Figures 16(a) and 16(b). The sample was placed in a small
vial, inserted in an insulated container to confirm adiabatic
condition. Measurements were made at different frequencies
(259 kHz, 22 mT; 327 kHz, 17 mT; and 518 kHz, 23 mT) for a
specific time (400 sec). The temperature rises with increasing
frequency up to a certain limit and then becomes constant
[61]. In the present work, maghemite nanoparticles of
6.6nm as mean size were emulsified in aqueous solution.
This mean particle size was less than the critical mean size
required for maximum hyperthermia effect (15-18 nm)
[62]. The emulsification of organic ferrofluid hinders the
heating effect and thus provides better control over the ther-
apeutics. The high heat capacity of the surfactant ensures that
the temperature rise was reasonable to avoid overheating,
and surface functionalization of nanoparticles regulates the
heating performance in hyperthermia. Low content of surfac-
tant over the magnetic nanoparticles had better heating effi-
cacy. There was a maximum temperature rise of 17°C at
518kHz. As the frequency decreases, there was a different
degree of heating observed. Starting from the normal body
temperature (37°C), there was a temperature rise of 7°C at
259kHz, which was suitable for hyperthermia. These results
were in concordance with the previously reported values
[63]. SAR values at 259kHz, 327kHz, and 518kHz were
found to be 156 W/g, 255W/g, and 336 W/g, respectively.
The magnetic emulsion had low SAR values due to the non-
magnetic part in the prepared emulsion and large hydrody-
namic size [16].

4. Conclusions

Aqueous and organic ferrofluids consisting of maghemite
nanoparticles were prepared by using the coprecipitation
method. Single emulsion technique was devised to emulsify
these nanoparticles in an aqueous medium. The particle size
of nanoparticles and their colloidal particles were determined
by TEM and found to be 6 nm and 200 nm, respectively. The
iron oxide contents were measured by TGA and found to be
75% in the magnetic emulsion. The saturation magnetization
of maghemite nanoparticles was 55 emu/g, which was higher
than its colloidal solution due to surface modification. Com-
binatorial thin-film gradients were also fabricated using a
layer-by-layer self-assembly method using PDAC and the
prepared magnetic emulsion. The thin films were analyzed
by scanning electron microscopy, atomic, and magnetic force
microscopy that showed overall an increase in surface cover-
age with an increase in a number of bilayers. Film thickness
was also measured and showed linear deposition of colloidal
particles along the substrate. The diagnostic capability of
these films and colloids were evaluated by obtaining T1-
and T2-weighted images using water as the test liquid. A neg-
ative contrast was enhanced as the concentration of iron
increases in the samples. Film gradients showed a decreasing
trend in intensity with an increase in the number of bilayers.
Thus, the developed magnetic combinatorial thin-film gradi-
ents from prepared magnetic colloids could be served as a
noninvasive medical imaging modality that can be used as a
dipstick approach in routine clinical diagnosis. Hyperther-
mia measurements indicated a significant heating effect of
magnetic colloids in alternating magnetic field showed their
suitability for therapeutic applications.

Abbreviations
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LBL:  Layer-by-layer
SAMu: Self-assembled multilayer
PDAC: Polydimethyl diallyl ammonium chloride

SDS:  Sodium dodecyl sulphate
MRI:  Magnetic resonance imaging
ROI:  Region of interest

TE: Echo time
TR: Repetition time
SAR:  Specific absorption rate.
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