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Abstract  Objective: The purpose of the present
research work was to develop Sulforaphane loaded
magnetic nanoparticles (MNPs) and the effect of prepared
magnetic nanoparticle on the enhancement of
bioavailability, stability, and dissolution was studied.
Sulforaphane (SFP) is a naturally occurring isothiocyanate
and chiefly available in broccoli. Methods: Magnetic
Nanoparticles were prepared by encapsulating herbal drug
SFP with iron salts and the prepared magnetic
nanoparticles were analyzed by Infrared Spectroscopy,
Crystal Analysis, Scanning Electron Microscope (SEM),
Thermal Analysis, Drug Loading Efficiency, Magnetic

Analysis, Electrical Analysis and Stability Studies. Results:

The obtained data of the characterization studies reveal that
the magnetic nanoparticles (MNPs) have good holding
properties. The particles sizes of MNPs measured from

High Resolution Scanning Electron Microscopy (HRSEM)
were of ideal size range 100 - 250 nm and showed a regular
pattern of spherical shape. The Vibrating Sample
Magnetism (VSM) results showed satisfactory value. The
pH of the medium has an inverse relationship with the
amount of Sulphoraphane released by the MNPs.
Conclusion: From the results, the current study concludes
that the prepared MNPs (four types) are structurally
arranged following a good pattern, sufficient amount of
elements with good size range over the particle surface, and
exhibit magnetic responsiveness which is sufficient for
drug target due to an external magnetic field because of its
pore volume and large surface area. Dissolution study
reveals that the prepared Sulforaphane loaded MNPs of
Iron-MCM-41 showed maximum drug release at pH 5.5.
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1. Introduction

Herbal products were most widely used for various
diseases and ailments from ancient period time. Due to its
less toxicity and less side effects patients showing interest
than allopathic treatment. One more advantage for
formulation scientist is compatibility with excipients used
for novel delivery systems. Even though having flexibility
in all issue, as the same way it has limitation of poor
bioavailability and stability issues when compared with
modern system of medicine. The drug selected for the
proposed study was Sulforaphane.

Sulforaphane, an isothiocyanate occurs naturally and
can be found in cruciferous vegetables like broccoli,
cauliflower, cabbage, and others (Brussels sprouts). It has
potential antineoplastic properties and used for the
effective management of Hepatic, Bladder, Prostate,
Pancreatic Cancers. It is also shows powerful anticancer
activity in case of osteosarcoma and melanoma [1-3]. It
shows instability in presence of oxygen, heat and alkaline
condition [4, 5].

Oral therapy considered as primary choice for both
physicians and patients alike, due its convenience and it
improves patient’s quality of life. The oral route is
preferred for its cost-effectiveness, but it can be limited by

various factors such as absorption, bioavailability, protein
binding, and metabolism (first-pass effect). These
limitations can sometimes overcome by achieving a good
clinical outcome, leading to patient non-compliance. The
magnetic nanoparticles (MNPs) are promising carriers for
the efficient delivery of antineoplastic drugs because there
is no burst impact and scaling up is easy. Significantly
reduced drug ejection during storage was observed due to
high encapsulation of both hydrophilic and lipophilic drug
molecules. By changing the lipid matrix, it is possible to
modify the drug release profile and noticeably increase
stability in the gastro intestinal tract (GIT) at various pH
levels [6-8].

The delivery systems containing particles in nano size
range (<200 nm) exhibit wide range of benefits for better
dissolution, absorption, bioavailability and good clinical
outcome. This has been proven in many of
chemotherapeutic agents as they produced excellent
therapeutic efficacy in animal studies [9].

Magnetic Nanoparticles (MNPs) play an important
position in the transport of drug by transporting
medications to specific site of the body using external
magnetic field. Because of their biocompatibility, ease of
surface modification, and magnetic characteristics, MNPs
have received a lot of attention in biomedical and industrial
applications. Currently the MNPs had attracted interest of
researchers in a lot of studies because of the fact of
potential biomedical applications such as tissue-specific
targeting [10], environmental remediation [11],
magnetically tunable colloidal photonic crystals (MTCPC)
[12], data storage [13], magnetic resonance imaging (MRI)
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[14], micro fluidics [15], material imaging [16], nano fluids
[17, 18], optical filters [19, 20], illness sensor [21],
magnetic cooling [22, 23], cation sensors [24] and catalysis
[25]. Hence the present work is aimed to develop
Sulforaphane loaded MNPs with the objective to evaluate
the effect of prepared magnetic nanoparticle on the
enhancement of bioavailability, stability, and dissolution.
The developed MNPs were characterized for morphology,
size distribution, encapsulation efficiency, magnetic
property and in vitro release.

2. Materials and Methods

2.1. Materials

The pure sample of powdered Sulforaphane (SFP) was
obtained from Vanco Herbals Solan, Himachal Pradesh,
India as a compliment sample. Chemicals such as Pluronic
P123, Conc. HCI, TEOS (Tetra ecthyl ortho silicate),
Hexane, Ethyl Alcohol and Butanol were obtained from
Aman Scientifics. Iron, acetyl acetone, ammonium
hydroxide, CTAB (Cetyl trimethyl ammonium bromide)
and nitric acid (HNOs;) were obtained from Cros
ChemicalsPvt Ltd.

2.2. Methods

In this current study, prepared four Sulforaphane-loaded
magnetic nanoparticles by the calcified co-precipitation
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methods. Four types of MNPs were prepared as per the
formula given in Table 1. The ingredients mentioned in part
I were weighted and the contents were subjected to stirring
over night at 32°C. Then the contents were transferred to
container bottle made of teflon and heated the mixture to
100°C for 2 days. After this step the contents were
subjected to straining and the obtained marc or precipitate
was then washed (double distilled water only) and then
dried. After drying the contents were subjected to
calcination for 8 hr at 500°C.The specified quantities of
ingredients such as Iron, acetyl acetone, nitric acid as per
the formulations were mixed gently and heated at 80°C
(The quantities of above mentioned ingredients were
shown in Table 1).This process is continued for 4 hr. The
nanoparticles were suspended overnight in the above
mixture with occasional stirring to remove excess solvent.
Then the resultant mixture was subjected to heating to
500°C using furnace for 2 hr with incremental effect i.e
increasing the temperature of 2°C per minute [26, 27].

2.2.1. Preparation of Sulphoraphane MNPs by
Encapsulation Technique

A specified amount of (0.4 g) iron silica (Fe-SiO,), Fe-
KIT-6, Fe-MCM-41, and Fe-SBA-15 were weighed (coded
as Fy, F, F3, F4, respectively), adding to a 20 ml solution of
Sulforaphane-hexane (1.4g) and macerated with periodic
stirring for 3 days. Then the mixture was subjected to
centrifugation, filtration followed by washing with hexane
to obtain Sulforaphane MNPs. Obtained MNPs were
subjected to vacuum drying for 10 hr at 60°C.

Table 1. Preparation of Four Magnetic Nanoparticles
Quantity for Formulation
Part Name of the Ingredient
Fi | ) F; F4
Pluronic-123 (gm) 1.4 - 1.23 0.17
Concentrated Hydrochloric Acid (mL) 2.7 - 2.25 2.9
Ethanol (mL) 6 -
1 Tetra Ethyl Ortho Silicate (TEOS, mL) 52 10 10 1.09
Cetyl Trimethyl Ammonium Bromide (CTAB, gm) - 2.4 -
Ammonium Hydroxide (mL) - 8 -
Deionized Water (mL) - 120 44 202.6
Iron (gm) 0.3153 0.3153 0.3153 0.3153
Acetyl Acetone (mL) 3 3 3 3
Nitric Acid (mL) 0.3 0.3 0.3 0.3
2 Silicon Di Oxide (gm) 0.25 - -
MCM-41 (gm) - 0.25 -
KIT-6 (gm) - - 0.25
SBA-15 (gm) - - - 0.25
3 Encapsulation Sulforaphane (gm) 1.4 1.4 1.4 1.4
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2.2.2. Evaluation or Characterization of Sulforaphane
MNPs

2.2.2.1. Drug Response Study

The easy-to-use, inexpensive characterization method
known as UV-Visible spectroscopy (UV-Vis) is frequently
employed to investigate compounds at the nanoscale. UV-
Visible spectroscopy is an important instrument for
identifying, testing, and characterization of compounds, as
well as comparing the stability of nanoparticle colloidal
solutions. Nanoparticles possess optical properties that are
sensitive to size, shape, concentration, refractive index and
agglomeration state close to the surface of nanoparticles. A
UV-visible spectrophotometer is frequently used to assess
the formation of MNPs in aqueous solution [28]. The
absorption of samples was examined using a UV-Visible
spectrophotometer at 202 nm.

2.2.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

The surface adsorption of useful structures on
nanoparticles can be studied by using FTIR, which is
specifically employed for the identification of unknown
compounds. Users can study a layer of nanoparticles coated
at the attenuated total reflectance (ATR) element while
concurrently altering the area above it, which is a benefit.
It is commissioned to study the chemistry of magnetic
nanoparticles [29]. These pellets have undergone FTIR
spectrophotometric analysis. Then, the collected data were
in a wave range of about 4004000 cm!.

2.2.2.3. X-Ray Diffraction (XRD)
One among the most often employed methods for the

standardization of nanoparticles is X-ray diffraction (XRD).

XRD typically offers information on the structure, type of
segment, lattice parameters, and grain size of a crystal. One
advantage of XRD methods is that they result in
statistically representative, volume-averaged readings.
These values are often obtained from samples that have
been dried and converted to powder form. Because it
provides information on the typical dimensions of
nanocrystals, it is utilized to determine the segment
identification of crystalline substances. The X-Ray
Diffractometer (XRD) was successfully used to understand
the crystallographic behavior of the produced magnetic
nanoparticles [30].

2.2.2.4. Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis offers data on the mass of
a sample as it varies with temperature over time.
Thermogravimetric analysis (TGA) can be used to
determine the amount of coating on the surface of the
nanoparticle. Thermogravimetric analysis is used to
measure temperature and changes in mass. It also allows
for the calculation of the type and quantity of natural
ligands in NP, taking into account the initial mass pattern.
The particles were placed in an aluminium pan and heated
at a rate of 10°C/min from ambient temperature (25°C) to
250°C [30].
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2.2.2.5. High Resolution Scanning Electron Microscopy
(HRSEM)

The morphology of the prepared MNPs was assessed by
performing high resolution scanning electron microscopy
(HRSEM). Deionized water was used for the dynamic mild
scattering method to determine the average particle
diameter of MNPs. With the aid of SEM, morphological
characteristics were investigated [31].

2.2.2.6. Elemental Mapping

The elemental mapping depicts the pattern of element
distribution. Energy Dispersive X-Ray Analysis (EDX),
often known as EDS or EDAX, is an X-ray method for
determining the chemical composition of things. It is being
used to confirm the adsorption at the surface of MNPs.
Applications include researching materials and products,
troubleshooting, and using an EDX spectrum analyzer to
employ and detect preformulation for elemental evaluation.
A well-established method for identifying and quantifying
the elemental compositions of a tiny material is energy
dispersive X-ray spectroscopy (EDS). It generates a
spectrum that shows the peaks associated with the
fundamental composition of the analysed pattern [30].

2.2.2.7. Loading Efficiency

Drug loading performance is defined as the ratio of the
amount of drug contained within the nanoparticle to the
total amount of drug used in the formulation of the
nanoparticles. Encapsulation performance is one of the
most important characteristics in developing nanoparticle,
indicating drug loading performance. To measure the
sample absorbance, a UV-Visible spectrophotometer set to
202 nm was utilized. Loading efficiency was determined
using following formula,

Drug loading efficiency= {(W-Wp)/Wwmnr} X 100

Where, W, Wp, Wyne denote the initial weight of
Sulforaphane, the weight of the Sulforaphane within the
solution, and weight of the MNP respectively [32].

2.2.2.8. Zeta Potential ()

Zeta potential assesses the charge balance of colloidal
nanoparticles by measuring the "effective" electric
powered charge at the nanoparticle surface. The
electrophoretic mobility was determined using the Malvern
Zetasizer 3 000 HSA (Malvern Instruments, UK) to
determine the zeta potential, which reflects the electric
charge on the particle surface and indicates the physical
stability of colloidal systems. The sample was tested in
double distilled water and corrected to a conductivity of 50
IS/em with a 0.9% w/v sodium chloride solution. The pH
ranged between 5.5 and 7.5, and the applied field strength
was 20 V/cm [30].

2.2.2.9. Analysis of a Vibrating Sample Magnetometer
(VSM)

A vibrating-sample magnetometer (VSM) is a magnetic-
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characteristics measurement technique that is solely based
on Faraday's Law of Induction. VSM is a flexible approach
for determining a pattern's magnetic second while it
vibrates perpendicular to a homogeneous magnetizing zone
region. This approach may identify little changes such as
1073 to 10~ ¢ emu. Magnetic second data from samples may
be obtained using the VSM approach. The sample is moved
sinusoidally using an electromagnetic vibration device.
The sample moves in the magnetic field created by the
excitation coils. As a result, a voltage is generated in a
measuring coil, allowing the magnetic moment of the
sample to be calculated. The VSM curve was created by
plotting the applied magnetic field on the abscissa and the
resulting mass magnetization or specific magnetization on
the ordinate [30].

2.2.2.10. Colloidal Stability of Sulforaphane MNPs

The Sulforaphane MNPs were diluted to 1 mg/mL
concentration by treating them with deionized water.
Stability was determined on the basis of particle size. This
test was conducted for 1 week using Dynamic Light
Scattering method (DLS). The temperature maintained
during this test period is constant and at 37°C. The colloidal
stability was determined using following formula [31].

Colloidal Stability (t,)

Nanoparticle Size t,
= - - : X 100
Initial Nanoparticle size ¢,

2.2.2.11. Dissolution Study In-vitro

The in-vitro dissolution study was carried out using
standard test protocols, with three dissolution media
selected based on their pH levels (pH 5.5, 6.5, and 7.4). The
drug release study was carried out using a USP Type 11
apparatus. Standard conditions include a temperature of
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37+0.5°C and agitation rate of 100 rpm [32]. This test was
conducted on both the Sulphoraphane pure drug and the
MNP. The samples were collected at specific time intervals
0, 2, 4, 8, 12, 16, 20, 24, 30, 36 hours), implemented a
filtering process to the collected samples to reduce
variation when calculating absorbance. Samples have been
diluted with freshly prepared buffer to reduce
concentration. The amount of drug released was measured
using a UV-visible spectrophotometer at 202 nm [31].

3. Results and Discussion

The prepared Sulphoraphane (SFP) MNPs were
characterized for the morphology, size distribution,
bioavailability, stability, and dissolution.

The overlap of the Fe;O3; and SFP absorption bands
resulted in maximum absorption at 202 nm. The drug
response investigation confirmed that there is surface
contact between iron nanoparticles and silica materials.
This is explained by charge transfer and the additional
support provided by the iron clusters on the silicas. UV-Vis
spectrum was shown in Figure 1.

The FTIR study results reveals that there is compatibility
between drug with formulation additives. It was confirmed
by observing characteristic peak in spectra. The
characteristic peaks such as 3415, 2924, 1645 cm™' for O-
H, C-H, C=C stretching vibrations, respectively (Figure 2).
Similarly 1139, 1158 cm™ for C-H bending (in-plane) and
C—H vibrations respectively. The absorption peak of the
prepared nanoparticles has not differ significantly. Also,
the broad bands detected at 1139 cm™ and 1158 cm™' can
be due to the C-groups vibrations and interactions with the
NPs [33].
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Figure 1. UV Spectrum of Sulforaphane loaded MNPs
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Figure 3. XRD graphs of SFP MNPs

In the XRD investigation, the distinctive peaks at 14.9°,
18.2° and 41.0° were detected in SFP and also in MNP
formulations (shown in Figure 3). The diffraction peaks
illustrate the highly crystalline nature of the particles. No
XRD detectable impurities were observed in this sample as
well. These findings demonstrated that all of the prepared
MNPs had been successfully loaded with drug [34].

In TGA study, weight loss happens in two stages
between 200 and 750 °C. Under 200 °C, the initial weight
loss seen can be attributed to the elimination of absorbed
water from the substance as well as the breakdown of the
medicine in the material. Dehydroxylation from the surface
silanol group (Si-OH) is responsible for the weight loss
between 250°C and 750°C. (Figure 4). With Formulation
F4 (containing SBA-15), weight loss seems to be less than
with other materials. The curve also indicated that no
complex formation took place between drug molecules and

polymer but they bind due to the electrostatic interactions
[35].

According to a High Resolution Scanning Electron
Microscopy (HRSEM) investigation, the materials have an
uneven form and spherical morphology as a result of the
medication being loaded onto nanoparticles made of silica
components. Because the holes in the blood arteries in the
tumor regions are larger, nanoparticles smaller than 200 nm
stay longer in the blood circulation and have a tendency to
collect in that region [29, 30]. The size range from 100 nm
to 250 nm, which has an ideal size range, was obtained
from the graph of SEM analysis of all MNPs with and
without loading SFP. The HRSEM images were shown in
Figure 5. Among all formulations, Formulation F»
(Containing MCM-41), F4 (Containing SBA-15) had a
good aesthetic and the ideal size range.
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The elemental mapping analysis was used to confirm the
presence of C, Fe, Si, F, Cl, and O on the surfaces of the
samples. The elemental compositions observed confirm the
success of the synthesis as reported by other studies [36].
Table 2 shows the atomic percentages of all the catalysts
based on EDX analysis in a micrometer range scanning.

The volume ratio of the aqueous and organic phases, the

type of surfactant, and other factors all affect loading
efficiency. Only a few of the governing parameters in this
situation were optimized. The loading effectiveness of four
SFP loaded MNPs was determined, and the results are
displayed in Figure 6, indicating that SFP/MCM-41 (F>)
has a higher percentage (98%) when compared with other
formulations.
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Table 2. Elemental Mapping of Sulforaphane loaded MNPs

Elemental (%)
Magnetic Nano Particle Formulation (MNPs)
C (o) F Si Cl Fe
F,_(Fe-SiO,) 21.98 35.64 18.45 16.55 0 7.40
F,_(Fe-MCM-41) 29.24 40.20 4.40 14.12 0.91 11.05
F;.(Fe-KIT-6) 23.32 30.56 29.32 11.52 0 5.33
F4.(Fe-SBA-15) 31.09 42.29 10.01 11.17 0.23 6.11

Loading efficiency Chart
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Figure 6. Loading efficiency of SFP loaded Magnetic nanoparticles

The loading efficiency (%) and colloidal stability
percentage data are shown in Table 3.

Table 3. Sulforaphane-loaded MNPs' Loading Efficiency and Colloidal
Stability

Formulation | Loading Efficiency Colloidal Stability (%)
(MNPs) (%, n=3) 1* Day 2% Day
F, 90+1.2 100 88+2.0

F, 98+0.9 100 92+1.1

F; 89+2.1 100 86+2.3

F, 97+1.7 100 90+0.9

Zeta potential also contributes significantly to the
stability and penetration of drugs. The Fe-MCM-41 MNP
(F2) has a negative charge due to the presence of iron
molecules. Additionally, due to minimal protein binding on
the surface of the particles, negative zeta potential is more
favorable for the enhanced permeability and retention
(EPR) effect as well as escape from identification by the

immune system and phagocytic system, i.e. macrophages
[37].

Based on the estimated =zeta potential values,
electrostatic stabilization was observed within the pH range
of3to 11.

Figure 7 shows the end result of SFP/MCM-41 (F»)
nanoparticles, which have a positive charge due to the
presence of stabilized drug (sulforaphane).

VSM provided the hysteresis curve of magnetic
nanoparticles.

Figure 8 shows that the synthesized Fe-MCM-41 MNP
(F2) has an ideal particle size of 50 nm, zero remanence and
coercivity, implying super para magnetic activity, and may
be magnetized when subjected to a magnetic field. It was
established that the synthesized MNPs were extremely
magnetic (super-paramagnetic). For numerous disorders,
this trait is a desired characteristic in biomedical
applications. Due to its small particle size and high surface
area to volume ratio, loaded magnetic nanoparticles can be
employed successfully for diagnostic, imaging, and therapy
[37]. Figures 9-11 show the data obtained for the
dissolution rate study.

The findings show that SFP loaded MNPs have a higher
drug release than pure SFP with a larger surface area, which
increases bioavailability. Among all four MNP
formulations of SFP, the only formulation that satisfies the
requirements for a prototype MNP is F,. The pH of the
medium has an inverse relationship with the amount of
Sulphoraphane released by the MNP. The following is the
order of dissolution (based on the percent cumulative drug
release) pH 5.5>pH 6.5>pH 7.4. The cancer environment
has an acidic pH in comparison to blood and healthy tissues,
which is a well-known phenomenon. As a result, cancer
therapy may benefit from SFP increased release in the
tumor [38].
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4. Conclusions

Using the Pluronic block co-polymer P123 as a
surfactant template, four different mesoporous Magnetic
Nanoparticles  for  Sulforaphane  were prepared
incorporating iron oxides using a simple co-precipitation
method. The formulations were characterized for drug
response study, XRD, FTIR, Thermal Analysis, High
Resolution Scanning Electron Microscopy (HRSEM),
Colloidal Stability, in-vitro drug dissolution rate study and
Loading Efficiency. According to the Drug Response
Study, Sulforaphane has the highest absorbance at 202 nm
and dissolution study of Sulforaphane loaded MNPs of Fe-
MCM-41 (F,) showed maximum drug release at pH 5.5.
From the results, the study concluded that all the
formulated magnetic nanoparticles are in aggregated
morphology and were composed of smaller grains in nano
size range with superparamagnetic properties, which
exhibit magnetic responsiveness which is sufficient for
drug targeting in the presence of an external magnetic field,
and a large surface area and can be useful for the effective

management of cancer.
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