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Abstract Gelatin (Type B) nanoparticles were prepared
by a single W/O emulsion technique and characterized by
infrared (IR) spectra, transmission electron micrographs
(TEM), surface potential measurements and magnetization
studies. Whereas the IR spectra clearly confirmed the
presence of gelatin, genipin and doxorubicin in the loaded
nanoparticles, the transmission electron micrographs
(TEM) image depicts smooth surface, spherical shape and
non-uniform size of nanoparticles (up to 100 nm). The
prepared nanoparticles were loaded with doxorubicin, a
well known anticancer drug, and in vitro release dynamics
of entrapped drug was investigated as a function of various
experimental factors such as percent loading of the drug,
chemical architecture of the nanocarriers, and pH, tem-
perature, ionic strength and nature of the release medium in
presence and absence of magnetic field. The nanoparticles
were also studied for their water sorption capacity. The
drug release process was analyzed kinetically using Ficks
power law and a correlation was established between the
quantity of released drug and swelling of the nanoparticles.

1 Introduction
Cancer is characterized by a reduction or loss of cellular

control and normal maturation mechanisms. Its features
include excessive cell growth, undifferentiated cells and
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tissues, and the ability to grow into neighboring tissues and
to metastasize. The choice of treatment includes the total
excision of tumor tissue and possibly part of the adjacent
tissues, combination chemotherapy, immunotherapy, radi-
ation treatment, and a combination of these. Since com-
plete eradication of cancer cells is imperative for successful
treatment, total excision is the treatment of choice if
applicable. However, depending on the location and the
involvement of the tumor with surrounding tissues, surgery
may not always be possible. Under such circumstances
radio- or chemotherapy becomes necessary. However,
severe complications with these treatments have been
reported. Therefore, the development of techniques that
could selectively deliver drug molecules to the diseased
site, without a concurrent increase in its level in the healthy
tissues of the organism, is currently one of the most active
areas of cancer research [1].

In the past, chemotherapy targeted by magnetic fields
using magnetic albumin microspheres has shown encour-
aging results [2].

Targeting and prolonged retention of the Ferro fluids
complex at the target site reduces its reticuloendothelial
system (RES) clearance and facilitates extra vascular
uptake. To optimize intratumoral magnetic particle con-
centration, several features need to be considered: (a) the
particles should be of a size that allows sufficient attraction
by the magnetic field and their introduction into the tumor
or into the vascular system surrounding the tumor; (b) the
magnetic fields should be of sufficient strength to be able to
attract the magnetic nanoparticles into the desired area; (c)
the FF complex should deliver and release a sufficient
amount of anticancer agent; and (d) the method of injection
should have good access to the tumor vasculature and
should avoid clearance by the reticuloendothelial system
(“first pass effect”) [3].
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Numerous studies have been performed to magnetic
field as guiding force to deliver drugs. For instance, Col-
lagen gels (1 cm thick) were prepared with magnetite
(10 nm) for the release of rhodamine-labeled dextran (Dex-
R) using an oscillating magnetic field. Magnetic field
release studies were performed in phosphate buffer solution
for up to four days with a magnetic field strength of 14,000
G and frequency of 0.3 Hz [4].

Polyelectrolyte microcapsules (5 pum) made of poly
(sodium styrene sulfonate) (PSS) and poly (allylamine
hydrochloride) (PAH) bilayers containing ferromagnetic
gold-coated cobalt (3 nm) were synthesized to uptake
FITC-dextran in order to determine permeability, a trans-
port phenomenon similar to release [5].

Nickel ferrite particles (5-8 nm) coated with poly
(methacrylic acid) (PMAA) was created to release the anti-
cancer drug doxorubicin (Dox). A magnetic field of 1000
Oe was applied for release studies for up to 10 days.
Higher release of Dox was found in the presence of the
magnetic field than in its absence [6].

There are several types of magnetic materials that can be
controlled by magnetic fields for drug release applications,
along with others biomedical applications. Commonly used
magnetic substances include stainless steel magnetic alloy
[7]; various cobalt particles including cobalt ferrite
(CoFe,0O4) [8], gold coated cobalt (Co@Au) [5], and
samarium cobalt [7]; and the family of iron oxides,
including nickel ferrites [7], hematite (Fe,O3), maghemite
(7-Fe>03) [9], and magnetite(Fe3;0,).

Magnetite (Fe304) nanoparticles that have excellent
magnetic saturation (—78 emu/g) are desirable for these
applications due to the strong ferromagnetic behavior, less
sensitivity to oxidation and relatively low toxicity com-
pared to many other materials (e.g., iron, nickel and cobalt)
[10]. These magnetite nanoparticles can be produced by co-
precipitation of iron (II) and iron (IIT) chloride salts in the
presence of ammonium hydroxide at pH 9-10, and can be
easily stabilized by oleic acid in nonpolar solvents [11].
Magnetite has also been known to have low toxicity [12].

Biodegradable polymers can be used as temporary
implants that are needed to hold their structure for a limited
time, such as with absorbable sutures and staples, cell
scaffolding for bone regeneration [13], gene delivery [14],
and drug delivery systems [15]. Common biodegradable
polymers used in many of these applications include poly
(lactic co-glycolic acid) (PLGA) [24, 25], poly (ethyl-2-
cyanoacrylate) (PECA) [16], poly (e-caprolactone) (PCL)
[17], poly (ethylene oxide) (PEO) [18], poly(ethylene
glycol) (PEG) [19], collagen [4], and alginate [20].

Use of the nanoparticles for any biomedical applications
is largely dependent on their physiological characteristics.
Selecting a suitable modifier that mimics physiological
condition is essential to protect these nanoparticles from
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aggregation and coalescence. Gelatin is derived from col-
lagen and is commonly used to immobilize drugs and genes
to produce controlled released products for pharmaceutical
and medical applications [21].Gelatin, being water soluble,
biodegradable, and biocompatible, can also be one prom-
ising candidate for the surface modification of iron oxide
[22].

Gelatin microspheres have been widely evaluated as a
drug carrier. Nevertheless, gelatin dissolves rather rapidly
in aqueous environments, making the use of the polymer
difficult for the production of long-term delivery systems.
This adverse aspect requires the use of a crosslinking agent
in forming insoluble networks in microspheres. However,
the use of crosslinking agents such as formaldehyde and
glutaraldehyde can lead to toxic side effects owing to
residual crosslinker. In an attempt to overcome this prob-
lem, a naturally occurring crosslinking agent (genipin) was
used to crosslink gelatin microspheres as a biodegradable
drug-delivery system for intramuscular administration [23].

Much effort in research is directed toward finding less
toxic and more efficient pharmaceutical formulations,
especially for anticancer drugs. Conjugating some drugs to
colloidal carriers has been shown to favorably influence
their efficacy and toxicity [24]. For example, doxorubicin
(DOX), known for its cardiotoxicity, bone marrow and
gastrointestinal toxicity [25] was shown to be less toxic
when associated with nanoparticles [26].

In the present work a novel strategy for combined cancer
therapy by employing iron-oxide incorporated gelatin
nanoparticles (IOIGNP) as a drug-delivery carrier is
reported. In the current study undertakes to produce and
characterize doxorubicin-loaded (Dox; an anticancer drug)
iron oxide incorporated gelatin nanoparticles as a novel
drug delivery system for magnetically controlled release of
anticancer drug.

2 Theory of magnetisation

It is assumed that magnetic nanocomposite particles that
display high saturation magnetization have potential
applications for magnetically controlled drug targeting.
These particles (in the range of 10 nm to a few microns)
are relatively magnetic with discrete randomly oriented
magnetic moments. When the magnetic particles are placed
in an external field, the moments of the particles rapidly
rotate into the direction of the field and improve the
magnetic flux density. To control the motion of such par-
ticles within a circulation system, a magnetic force due to
an externally applied magnetic field and a hemodynamic
drag force due to the fluid flow combine to create a total
vectoral force on the particles. In order to effectively
overcome the influence of a fluid flow and achieve the
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desired external magnetic field-controlled guidance, the
magnetic force because of the external field must be larger
than the drag force or hydrodynamic force. According to
this explanation, the magnetic force on the magnetic par-
ticles is governed by [10, 27]:

F= ﬁ(ﬁiéo) (Newtons), (1)

where F is the magnetic force, m is the total magnetic
moment of the material in the microspheres, r is the
gradient that is assumed to be derived from characteristics
of the field alone, and Bo is the magnetic flux density—
also known as the Bo field. Each of these quantities thus
influences the some degree to which an external magnetic
field may be used to internally guide particles in the body.
The del operator r; is defined for a magnetic field
distribution at xyz directions [28]

c a,. (2)

0 0
V:—Clx-‘r—yay“ra—z

Ox 0
It is noted that the gradient of a scalar function at any point
is the maximum spatial change of the magnetic field. The
BO field tends to align the net magnetic moment of the
particle in a fixed direction while the gradient leads to a
force that may move the particles.

The second factor characterizes the magnetic properties
of the particles. The magnetic moment of a material m is
proportional to the applied magnetic field H, and the
intrinsic magnetic susceptibility of the material, y,, [28]:

m=y,H. (3)

The force that counteracts the magnetic force on the
particle in the fluid stream is due to the liquid (e.g., blood)
flow. Stokes Law governs the hemodynamic forces on a
particle in the liquid [29]:

F = 6mnor, 4)

where F is the drag force, 5 is the viscosity of a fluid, v is
the relative velocity of a spherical particle, and r is the
radius.

2.1 Experimental
2.1.1 Materials

Acid processed gelatin (Type A, isoelectric point 7.6) in
yellowish granular form, was supplied by Loba Chemie,
Mumbai, India and used without any pretreatment. Type B
gelatin (Bloom No. 240, isoelectric point 4.8) extracted
from human bone was a kind gift from Shaw Wallace
Gelatins Ltd., Jabalpur, India. Genipin was employed as a
crosslinker of gelatin and obtained from Wako Chemicals
Japan. Parafin oil was used as oil phase. Other chemicals
and solvents were of analytical reagent grade. Doxorubicin

(DOX) was used as a model drug and obtained from Daber
Pharma LTD.

2.2 Methods
2.2.1 Preparation of nanoparticles

The preparation methods of nanoparticles for pharmaceu-
tical use are divided broadly into two categories, those
based on physicochemical properties such as phase sepa-
ration [30] and solvent evaporation [31], and based on
chemical reactions such as polymerization and polycon-
densation. In the present study, solvent evaporation tech-
nique has been followed. Briefly, the method may be
described as below:

For the preparation of the nanoparticles gelatin (5, 8 and
11 wt%) was first dissolved in 40 ml deionized water at 45
0C to ensure its complete dissolution. For preparing the oil
phase 80 ml paraffin oil was used The above two solutions
were mixed with vigorous shaking (Shaking speed 300
RPM, 0.5 HP Motor Capacity) (Toshniwal, India) for
30 min and to this suspension with constant shaking was
added genipin emulsion (with different weight ratio i.e.,
0663, 0.1326, 0.1989 mM concentration) prepared in 9 ml
ethanediol and 1 ml paraffin oil. The crosslinking reaction
was allowed to take place for predetermined time period.
Nanoparticles so prepared were cleaned by centrifuging
and re-suspending in toluene three times and then twice in
acetone. The final product was dried at room temperature
to obtain a fine bluish powder which was stored in air tight
polyethylene bags.

2.2.2 Impregnation of Iron Oxide into the nanoparticles

For synthesis of iron oxide nanoparticles the solution of Fe
ions was prepared from FeCl,-4H,O and FeCl;3-6H,0 salts
(Fe**/Fe*™ = 0.5) in acidic condition by continuous stir-
ring the solution for 0.5 h under nitrogen atmosphere at
room temperature. A solution of 10% NH,OH was added
dropwise into the solution of Fe ions to precipitate nano-
particles of iron oxide according to the reaction given
below:

2FeCl; + FeCl, + 8NH4OH — Fe;04 + SNH4Cl1 + 4H,0
(5)

The precipitated iron oxide nanoparticles were filtered and
repeatedly washed with distilled water.

The change in color of the particles turns from bluish to
dark red brown which also confirm the formation of oxides
of iron as shown in Fig. la and b. Mechanism of incor-
poration of iron oxide onto the nanoparticles surface is
shown in Fig. 2.
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Fig. 1 An optical microscopic
photograph of genipin cross
linked gelatin-nanoparticle (a)
and iron oxide incorporated
gelatin nanoparticles (b)
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Fig. 2 A reaction scheme of depicting the incorporation of iron oxide
onto the gelatin nanoparticles

In aqueous system, iron oxide incorporated gelatin nano-
particles (IOIGNPS) are coordinated with water molecules,
which share their electron pairs with iron atom. Upon
adsorption, the water molecules usually dissociate resulting
in a surface covered by hydroxyl groups coordinated to the
underlying iron atoms [32]. The hydrous iron oxides have
amphoteric characteristics that can act as positive(FeOH?)
site and interact with lone pair of electrons present in nitrogen
atoms of amine groups and/or anionic carbonyl oxygen in
acidic medium [33, 34] or act as negative (FeO™) site and
interact with electron deficient groups in basic or neutral
medium [32]. In the present study, the IOIGNPS were washed
to neutral pH and no acidic solution was used, negative FeO™
site can be expected on the surface of the IOIGNPS. Fur-
thermore, gelatin being a protein is made up of amino acids
Fig. 2. Each of the amino acids is joined by peptide bonds
between the carbonyl and amino groups of adjacent amino
acid residue forming a linear chain. The linear chains are held
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together by H-bond leading to formation of complex sec-
ondary and tertiary structure [35]. Due to electron with-
drawing nature of carbonyl group in each amino acid groups,
the lone pair of electron on the nitrogen atom is delocalized by
resonance, thus forming a partial double bond with the car-
bonyl carbon and putting a negative charge on the oxygen and
positive charge on the nitrogen atom.

2.3 Swelling experiments

The extent of swelling of nanoparticles was determined by
a conventional gravimetric procedure. In a typical experi-
ment, preweighed nanoparticles (with iron oxide) were
allowed to swell in distilled water for a predetermined time
period (up to equilibrium swelling) and thereafter the
particles were taken out from the water and gently pressed
in-between the two filter papers to remove excess of water
and finally weighed using a sensitive balance (APX-203
Denver, Germany).A time period of 24 h was found to be
enough for equilibrium swelling. The swelling ratio was
determined by the following Eq. 6.

Swelling ratio (S;) = Weight of swollen nanoparticles (w,)

Weight of dry nanoparticles (wq)
(6)

Table 1 Data showing the influence of composition of the nano-
particles on the equilibrium swelling and percent impregnation of iron
oxide

S. no Paraffin Gelatin Genipin Equilibrium
oil (ml) (2) (mg) swelling

1 80 5 0.015 4.28

2 80 5 0.030 4.33

3 80 5 0.045 3.00

4 80 11 0.045 1.46

5 80 8 0.045 2.82
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B Doxorubicin

Fig. 3 Schematic presentation of loading of drug molecule onto the
iron oxide incorporated nanoparticles

The amount of water sorption by the sample provides
information about the hydrophilic nature of the material.
Swelling results are summarized in the Table 1.

The preparation of doxorubicin-loaded (Dox; an anti-
cancer drug) IOIGNP is shown schematically in Fig. 3.
Doxorubicin-loaded (Dox; an anticancer drug) IOIGNP
bearing carboxyl groups in the polymer coating layers were
synthesized as described previously. It is supposed that Dox
could be incorporated in the polymeric IOIGNP through
electrostatic interactions between positively charged Dox
and the negatively charged FeO™ and COO™ coating layers.

3 Characterisation
3.1 FTIR spectra

The FTIR spectra of gelatin nanoparticles and drug loaded
nanoparticles were recorded on a FTIR spectrophotometer
(Shimadzu 8201 PC).

3.2 Electron microscopy study

The morphological features of the nanocomposites and iron
oxide particles were investigated by recording transmission
electron micrographs (TEM) (Hitachi Hu-11 B), respectively.

3.3 Surface potential measurements

In order to understand the nature of the drug doxorubicin
(DOX)-nanoparticle interaction surface potential studies
were performed with a digital pH meter (Systronics Model
No. Digital pH Meter MK VI, Ahamadabad, India). In a
typical experiment 0.2 g nanoparticle were dispersed into
20 ml of respective pH solution and emf was recorded
using a compound electrode system. A similar experiment
was also repeated for drug loaded nanoparticles.

3.4 Magnetization measurements
Magnetic properties of nanocomposite particles were

characterized by a Quantum Design (USA),14T PPMS
Vibrating Sample Magnetometer (VSM).

3.5 Loading of doxorubicin (DOX)

For loading of nanoparticles, known volume of drug
injections were taken and diluted with appropriate amount
of phosphate buffer saline and shaken vigorously for
mixing of drug injection and distilled water.

The loading of DOX was performed by allowing the
nanoparticles to swell in the freshly prepared drug solution
till equilibrium, and then drying to obtain the release
device. The percent loading of drug was calculated by the
following eq.

Wa — Wo
(6]

% Loading = x 100 (7)
where Wy and W,, are the weights of loaded and unloaded
nanoparticles, respectively.

3.6 In vitro release experiment

Release experiments were performed in phosphate buffer
saline (PBS) (pH 7.4, 12 mM KH,PO,, 1.15mM
Na,HPO,, 2.7 mM KCI, 1.38 mM NaCl) in presence of
magnetic field(25, 75.150 and 225 gauss). In order to
determine the released amount of the doxorubicin (DOX),
into 0.1 g of drug-loaded nanoparticles was added 8 ml of
phosphate buffer saline (PBS) as a release medium (pH
7.4) and the resulting suspension was gently shaken for
predetermined time period. After shaking was over, 3 ml of
supernatant was withdrawn and 3 ml supernatant was
withdrawn assayed for DOX spectrophotometrically.

3.7 Kinetics of release process

For monitoring the progress of the release process, 3 ml of
aliquots were withdrawn at desired time intervals and
instantly replaced by fresh release medium (PBS). In the
aliquots withdrawn, the amount of DOX was determined as
described above.

For achieving mechanistic insights into the release
process of DOX, the following equation was used [36],

W,
Weo

=kt" (8)

where W/W , is the fractional release at time t and k is rate
constant. The exponent n, called as diffusional exponent, is
an important indicator of the mechanism of drug transport
and, in general, has a value between 0.5 and 1. When
n = 0.5, the release is taken to be Fickian. When n = 1,
the release is zero order (Case II transport), and in between
these values, i.e., 0.5 < n < 1, the release is described as
anomalous. When W/W_, = 0.5, t is the half life, another
extremely useful parameter in comparing systems.
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3.8 Chemical stability of drug

Chemical stability of drug in acidic media (pH—1.8) was
judged by UV spectrophotometric method (Double Beam
UV-vis Spectrophotometer—2201, Ahamadabad, India) as
explained elsewhere [37].

4 Results and discussion

4.1 Characterization of nanoparticles

4.1.1 FTIR spectral analysis

The FTIR spectra of genipin cross linked nanoparticles and

drug loaded iron oxide incorporated nanoparticles are
shown in Fig. 4 a and b, respectively which clearly confirm

the presence of gelatin, genipin, iron, and drug in nano-
particles. The strong band observed at 2928 cm™' due to
C—H stretching confirms the presence of methyl group. The
band observed at 1524 cm ™' due to N-H bending vibration
confirms the presence of primary amine in gelatin mole-
cule. A band at 1444 cm ™' due to ring stretching vibrations
confirms the presence of dihydropyrane ring (Heterocyclic
ring) in the genipin (Fig. 4a).

A band observed at 1683 cm ™" due to C=N stretching
confirms the presence of amine. A band at 1521 cm ™' due
to N—H stretching of gelatin. A band at 1460 cm™" due to
ring stretching vibrations confirms the presence of hetero-
cyclic ring in the drug molecule. The presence of iron
oxide in the hydrogel is evident from the absorption bands
appeared in the region between 450 and 480 cm ™' [38] and
they may be assigned to Fe—O bonds of magnetite.

Electron Microscopy

Fig. 4 FTIR spectra of a
genipin crosslinked native
gelatin nanoparticles, and b iron =
oxide incorporated doxorubicin-

loaded gelatin nanoparticles 90
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Fig. 5 Transmission electron
micrographs (TEM) of a
genipin crosslinked gelatin
nanoparticles and b iron oxide-
loaded nanoparticles

The morphological features of the prepared impregnated
nanoparticles have been investigated by TEM analysis of
iron oxide incorporated nanoparticles is shown in Fig. 5
respectively.

4.1.2 Transmission electron micrographs (TEM)

In order to examine size of the gelatin nanoparticles and
iron oxide incorporated nanoparticles at nano scale TEM
studies were performed. The TEM images shown in Fig. 5a
and b reveal that the size of nanoparticles was estimated up
to about 100 nm and shape of particles was uniform.

4.1.3 Surface potential measurements

The value of & potential for unloaded, Iron oxide loaded
and drug loaded nanoparticles are summarized in Table 2
which clearly indicate that upon loading of iron oxide
molecules onto the nanoparticle surface a net increase in
the positive potential of the particles surface occurs at pH
1.8, 7.4 and 8.6 which can be explain by assuming that
adsorption of iron oxide particles occurs over the surface of

Table 2 Surface potentials of unloaded and loaded gelatin

nanoparticles

Particles Medium (pH) ¢ Potential (mV)

Unloaded nanoparticles 1.8 283
7.4 —384
8.6 —4.5

Iron oxide loaded nanoparticles 1.8 284.5
7.4 —40.7
8.6 —71.8

Drug loaded nanoparticles 1.8 301
74 —34.5
8.6 —18.6

gelatin nanoparticles and this adsorption of iron oxide
particles increase the negative charge over the surface of
gelatin nanoparticles which is also confirmed by other
coworkers [32]. When iron oxide loaded gelatin nanopar-
ticles dipped into the DOX solution, DOX molecules loa-
ded into the particles surface. The zeta potential of DOX
loaded particles summarized in Table 2. The result sum-
marized in table clearly indicate that zeta potential of the
DOX loaded particles increased at pH 1.8 whereas a
decreased in zeta potential observed at pH 7.4 and 8.6,
which can be explained on the basis of structural change of
the DOX molecules. As DOX molecule is a amphoteric in
nature. At pH 1.8, DOX molecules acquire net positive
charge due to formation of NH>". Due to positive charge
on DOX Molecules and negative charge on iron loaded
gelatin nanoparticles, DOX molecules attached via elec-
trostatic attraction onto the surface of iron loaded nano-
particles which results in increase of zeta potential. In case
of pH 7.4 and 8.6, DOX molecules have either neutral or
negative charge. So DOX molecule has fewer tendencies to
attach on negatively charged iron loaded gelatin nanopar-
ticles. Therefore, less adsorption of DOX molecule onto
the surface of iron loaded gelatin loaded nanoparticles
results in decease in zeta potential.

4.1.4 Magnetization measurements

The magnetic moment of each dried magnetic particles was
measured over a range of applied fields between —80000
and 480000 Gauss with a sensitivity of 0.1 emu g~ '.
Figure 6 shows a typical magnetization (M) versus the
applied magnetic field (H) plot. The saturation magneti-
zation of the synthetic magnetic particles was found to be
equal to 25 emu g~ at 300 K. The value obtained is lower
than the reported values of 92-100 emu g~ for magnetite
(Fe504) nanoparticles [39] and may be attributed to the fact
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that below a critical size, nanocrystalline magnetic parti-
cles may be of single domain and show the unique phe-
nomenon of superparamagnetism [40]. A particle of the
magnetic material below a critical diameter, depending on
the particle material, approximately 8 nm for Fe,O5 par-
ticles [41], contains only one single magnetic domain, so
that this particle is at a state of uniform magnetization at
any field without interaction with nieghbour domain in one
particle or a well dispersed suspension. In fact, the critical
diameter is the single domain size of the materials. Hence,
an object consisting of many of these nanosized particles
displays magnetic properties under an applied magnetic
field, but permanent magnetization would not remain when
the applied magnetic field has been removed. The reason
for this phenomenon, superparamagnetism, is that these
domains will return to disordered status by having enough
space to refuse the interaction between each other while
there is no extra magnetic field applied.

Magnetization measurements have shown that the sat-
uration magnetization of 7y-Fe,O; nanocrystals, small
enough to show super paramagnetic properties, decreases
with decreasing particle size. However, such reduction is
difficult to be interpreted by considering only the finite size
and surface effects [42]. To explain this phenomenon
several hypotheses, even those concerning the cationic
disorder in the entire volume of the crystal structure, have
been proposed. There is, however, no unequivocal way for
clearly differentiating the individual contributions arising
from finite-size, surface effects and structure of the parti-
cles. Different magnetic properties have been observed in
materials with similar nominal grain-size but produced by

30

1 | IOIGNP-1-MH-300K
20 4
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M(emw/gm)
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Fig. 6 A typical magnetization (M) versus the applied magnetic field
(H) plot for the iron oxide impregnated gelatin nanoparticles
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different synthetic routes thus making the study of the
interrelation between microstructure and magnetism very
interesting. A possible explanation is that various syntheses
may lead to particles having the same size magnitude order
but different structural coherence in the whole particle
volume [43]. There is no abrupt breakdown in atomic
order, but it is present in a three-dimensional lattice dis-
tortion due to the defects and finite size resulting in dif-
ferent magnetization values [44].

4.1.5 Mechanism of drug release

A swollen particle may be imagined as a three dimensional
polymer network structure between the strands of which
are present water-filled permeation channels. The water
occupies the permeation channels when the water soluble
solutes diffuse out to the external receptor medium from
within the gel. A free volume theory assumes that the free
volume of the water present in the hydrogel is available for
the diffusion of water soluble solutes. The theory implies
that the free volume in a polymer may be thought of as a
volume fraction of molecular size holes available for dif-
fusion. In the present case, the drug carriers are the
crosslinked gelatin nanoparticles which in aqueous release
medium (pH 7.4) will exist carrying almost equal number
of positive (-NH;%) and negative (—-COO~) charges
(because pH 7.4 is isoelectric point also). At pH 7.4 the
drug (DOX) will also be present in 100% ionized state.
Thus, the positively charged DOX molecules may be
bound to the negatively charged —COO™ groups via elec-
trostatic attraction. The whole mechanism of DOX release
is modeled in Fig. 4.

4.2 Results on doxorubicin (DOX) release
4.2.1 Release experiments

The objectives of the release experiments are to determine
the parameters that affect the release of doxorubicin (DOX)
The effects of crosslinker, gelatin composition, pH, mag-
netic material, physiological fluid type of gelatin, presence
and absence of magnetic field were studied. The samples
were methodically processed after each experiment to
make sure that every sample was treated in the same
manner for quality of comparison.

4.2.2 Effect of % loading on release of DOX in absence
and presence of magnetic field

In the present study, the physical loading was followed
which involve swelling of preweighed nanoparticles into
the doxorubicin (DOX) solution of concentration ranging
from 25.45 to 62.9% (v/v). The loaded nanoparticles were
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Fig. 7 Effect of %loading of DOX on its release profile for a
definite composition of nanoparticles [gelatin] = 5.0 g, [genipin] =
0.1326 mM, pH = 7.4, temp. = 25 &+ 0.2°C

allowed to release the entrapped DOX into definite volume
of the medium in both presence and absence of magnetic
field. The release profiles of nanoparticles loaded to dif-
ferent extent are shown in Fig. 7 which clearly indicate that
the released amount of DOX increases with increasing %
loading in both cases but in the presence of magnetic field
release of dox is comparatively higher. The observed
increase in the release rate may be attributed to the fact that
a larger loading of the nanoparticles facilitates a faster
movement of the invading solvent front (PBS) which as a
consequence enhances the release of the entrapped drug.

It is assumed that synthesized IOIGNPs could cause
faster movements in the presence of sufficient external
magnetic field.

The observed results may be attributed to the fact that
the magnetic moment of a material m, is proportional to the
applied field H (according to Eq. 3).

M = ym H (3)

where ym is magnetic susceptibility of the material. When
loaded nanoparticles are exposed to a high magnetic field,
magnetic monodomain nanoparticles generates heat
through oscillation of magnetic moments and subse-
quently enlarges the nanostructure of the polymeric matrix
to produce porous channels that cause enhanced diffusion
process and as a consequence the drug to be released
easily. The mechanical deformation generates compres-
sive and tensile stresses, enhancing the release of DOX.
Similar types of results have also been reported elsewhere
[45]. It is important to mention here that although in the
present case direct current (DC) was used to produce
magnetic field, however, since the drug -containing

Effect of gelatin composition on release of DOX in -nce &
+nce of Mag Field

0O Non Mag 5g O Mag S5g O Non Mag 8g
124 D Mag Sg @NonMagllg  oOMagllg
E _
oD 10 -
£ .
> 87
©
[
® 6
=
o
= 44
-
)
3 2
z |
3
O o0+
30 60 90 120 180
Time (min)

Fig. 8 Effect of varying amounts of gelatin in nanoparticles on
release profiles of DOX for a definite composition of nanopar-
ticles [genipin] = 0.1326 mM, pH = 7.4, temp. =25 £ 0.2°C,
%loading = 62.9

nanoparticles were in constant and rapid motion, they
were experiencing rapidly changing magnetic field and
due to this fluctuation the magnetic nanoparticles pro-
duced friction within the matrix and result in loosening of
the network chains of gelatin.

4.3 Effect of composition on DOX release

4.3.1 Effect of gelatin composition on release of DOX in
absence and presence of magnetic field

Drug release profiles are often sensitive to chemical
architecture of the carrier as well as the experimental
conditions of preparation of drug carrier. In the present
study too, the size and morphology of nanoparticles are
greatly determined by the factors such as amounts of gel-
atin and genipin in the feed mixture, molecular weight of
PMMA and temperature and shaking time of emulsions.

The effect of gelatin on the DOX release has been
investigated by varying its amount in the range 5.0-11.0 g
in the feed composition. The release results in the pres-
ence and absence of magnetic fields are shown in Fig. 8
which clearly indicate that the cumulative release of
doxorubicin (DOX) decreases with increasing concentra-
tion of gelatin up to 11.0 g in both the conditions.This
decrease is due to the fact that when the amount of gelatin
is low at fixed crosslinker concentration, the nanoparticles
produced have greater porosity due to increased number of
crosslink per gelatin molecule. In this way greater num-
bers of pores are available for entrance of water molecules
and release of the drug. This will obviously result in an
increased release.
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4.3.2 Effect of crosslinker composition on release of DOX
in absence and presence of magnetic field

Certain reagents have been used for crosslinking chitosan
such as glutaraldehyde, tripolyphosphate, ethylene glycol,
diglycidyl ether and diisocyanate. However, studies have
shown that the synthetic crosslinking reagents are more or
less cytotoxic and may impart the biocompatibility to the
chitosan delivery system. Hence, it is desirable to provide a
good crosslinking reagent for their use in biomedical
applications that has low cytotoxicity and forms stable and
biocompatible crosslinked products.

Besides the empirical data of the traditional medicine,
today some information on the beneficial effects of genipin
is available in biochemical terms [46]. Used gardenia for
the treatment of liver cirrhosis and their investigation
showed that the activated hepatic stellate cells could be
suppressed by genipin. Genipin reveals remarkable effects
as an anti-inflammatory and anti-angiogenesis agent, and
inhibits lipid peroxidation and production of nitric oxide,
besides protecting the hippocampal neurons from the tox-
icity of Alzheimer’s amyloid beta protein it was found that
genipin protected mice from the lethal effect of adminis-
tered GalN-LPS: in fact 8 out of 15 mice survived for at
least 24 h, whilst all mice not given genipin died within
12 h [47, 48]. In mice given genipin, serum and liver tumor
necrosis factor-alpha levels as well as serum AST and ALT
activities were significantly lower; hepatic necrosis and
inflammatory cells infiltration were slight. TNF-a, NF-jB
activation and TNF-a mRNA expression in the cultured
mouse macrophage-like cell line J774.1 were significantly
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@ Springer

suppressed by genipin administration. Therefore genipin
was a remedy for acute hepatic dysfunction thanks to its
suppressive effect on TNF-a production.

The effect of crosslinker on the release profiles of DOX
of an applied magnetic field has been investigated by
varying the concentration of genipin in the range 0.0663—
0.1989 mM. The results are shown in Fig. 9, which clearly
reveal that the cumulative release of DOX increase with
increasing genipin up to 0.1326 mM concentration while
beyond it a fall in release is noticed. The results can be
explained by the fact that since genipin is a hydrophilic
cross linker, its increasing number of linkages in the
nanoparticles enhances their hydrophilicity which, in turn,
will allow increasing number of water molecules into the
nanoparticles and obviously the swelling ratio will
increase. Thus, increased swelling will permit greater
number of DOX molecules to diffuse out and the release of
DOX will also increase.

It is, however, noticed that beyond 0.1326 mM of gen-
ipin, the size of nanoparticles will decrease due to
enhanced crosslinking density of the nanoparticles and as a
result; both swelling and the drug release will fall.

Another explanation for the observed decrease in the
swelling ratio and DOX release may be that increasing the
crosslinker concentration lowers the molecular weight
between crosslink and this, consequently, reduces the free
volume accessible to the penetrant water molecules. Sim-
ilar types of results have also been reported by other
workers [49]. Some authors [50] however, have reported
that introduction of cross linker into the polymer matrix
enhances its glass transition temperature (T) which
because of glassy behavior of polymers restrains the
mobility of network chains and, therefore, both swelling
and DOX release decrease.

4.3.3 Effect of pH on DOX release in absence
and presence of magnetic field

In the present investigation, the release dynamics of the
DOX has been observed under varying pH conditions as
found in the GIT [e.g., stomach (gastric juice) 1.0, and small
intestine 7.5-8.6]. The wide range of pH allows a specific
drug to be delivered to a targeted site only. For example, the
pH in the stomach (<3) is quite different from the neutral
pH in the intestine and this pH difference could be used to
prevent release of foul-tasting drugs into the neutral pH
environment of the mouth while using polycationic hydro-
gels as drug carrier [51]. Similarly, a polyanion hydrogel
which shows a minimal swelling in acidic pH (such as in
stomach) could be of potential use to increase in pH leading
to ionization of the carboxylic groups [52].

The drug-release kinetics for Dox IOIGNP was studied
at three different pH conditions Fig. 10. It is observed that
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Dox release would be faster at acidic pH values than at
basic pH as a consequence of weakened binding between
Dox and the partially neutralized car boxy groups in 10-
IGNP. This is due to the fact that the physically bound drug
molecules could be released faster in the mild acidic
environments of tumor areas than at the physiologically
neutral pH of blood in the vascular compartment.

4.3.4 Chemical stability of drug

In order to ascertain the chemical stability of DOX in
highly acidic pH medium such as gastric juice, the drug
was left in simulated gastric juice medium and its UV
spectra was scanned and compared to that of DOX in the
aqueous medium. The spectra are shown in Fig. 11 which
clearly indicate that they are almost identical to each other.
This obviously suggests that even in remaining in highly
acidic media, the chemical nature of DOX does not change.
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Fig. 12 Effect of type of gelatin on the released amount of DOX for
definite compositions of nanoparticle [gelatin] = 5.0 g, [genipin] =
0.1326 mM, pH = 7.4, temp. = 25 %+ 0.2°C, %loading = 62.9

Moreover, it was also found that even gelatin nanoparticles
do not undergo any cleavage in gastric juice medium. This
clearly explains the stability of drug carrier system in
highly acidic media.

4.3.5 Effect of type of gelatin on release of DOX in
absence and presence of magnetic field

Gelatin is a natural polymer that is extracted from collagen
by alkaline or acidic pretreatment and thermal denaturation
[53]. Depending on this pretreatment two types of gelatin
can be distinguished, A and B. Gelatin A is extracted from
porcine skin, and processed by acidic pretreatment, while
gelatin B is extracted from bovine skin, and processed by
alkaline pretreatment. The alkaline pretreatment converts
glutamine and aspargine residues into glutamic acid and
aspartic acid, which results in a higher carboxylic acid
content for gelatin B (118/1000 amino acids) than for
gelatin A (77/1000 amino acids) [54].

The effect of type of gelatin on the release profile of
DOX in presence and absence of magnetic field has been
investigated by loading the drug onto both gelatin A and B
nanoparticles and following the released amounts under
identical experimental conditions. The results are shown in
Fig. 12 which clearly indicates that the cumulative release
of drug is quite higher in case of type B than that by type A.
The results may be explained by the fact that at the
experimental pH (7.4) (which is above the isoelectric point
4.8 of gelatin) the gelatin B molecules will possess a net
negative charge due to —COO™ groups in the molecule.
Thus, the DOX molecules, which are almost fully ionized
at pH 7.4, will attach to these negatively charged centers
present along the gelatin molecules and, therefore, will
result in a greater percent loading. When largely loaded
type B nanoparticles are placed in the release medium the
—COQO™ groups present along the gelatin chains repel each
other, thus producing a greater relaxation in the
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nanoparticles. This obviously results in a larger swelling of
the loaded nanoparticles which, in turn, produces greater
release of DOX in type B nanoparticles. Similar types of
results have also been published elsewhere [55].

4.3.6 Effect of physiological fluid on DOX Release
absence and presence of magnetic field

The effect of nature of the medium on the release kinetics
of DOX in presence and absence of magnetic field has been
investigated by performing release experiments in various
physiological fluids. The results are depicted in Fig. 13
which reveals that the release of DOX in both conditions is
significantly suppressed in physiological fluids in com-
parison to that in the PBS. The possible reason for the
lower release and swelling of DOX in these fluids may be
that the presence of salt ions in the release medium lowers
the rate of penetration of water molecules into the loaded
nanoparticles, thus resulting in a fall in the release amount
of. DOX In the case of urea, its capacity to break hydrogen
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Fig. 14 Effect of magnetic field on the released amount of DOX for

definite compositions of nanoparticle [gelatin] = 5.0 g, [genipin] =
0.1326 mM, pH = 7.4, temp. = 25 &£ 0.2°C, %loading = 62.9
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bonds between water molecules and IPN chains may be
responsible for the lower amount of water uptake [56] and
consequently for the lower release of DOX.

4.3.7 Effect of magnetic field strength on DOX release

The release results are shown in Fig. 14 clearly indicate
that the cumulative release of doxorubicin (DOX) increases
with increasing magnetic field strength up to 150 gauss
while beyond it a fall in release is noticed. The initial
increase observed in the released drug with increasing
magnetic field up to 150 gauss may be due to increase in
mechanical stress within the nanoparticles matrix as
explained earlier also. However, beyond 150 gauss, the
walls between the macropores in the magnetic particle
network of the ferrosponge possess large amounts of
mesopores, in which drug release is solely dominated by
molecular diffusion through the mesopores to environment.
By magnetizing the iron oxide nanoparticles in the walls,
the mesopores size decreases considerably, this restricted
more effectively the diffusion of the drug molecules.
Consequently, the drug release rates decreased immedi-
ately while applying an external magnetic field. The
interaction between magnetic particles has been demon-
strated to occur under an external magnetic field [57].

5 Conclusions

Genipin crosslinked gelatin nanoparticles form a swelling
controlled drug release system, which effectively delivers
doxorubicin in the presence and absence of magnetic field
via diffusion controlled pathway.
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It is found that release profiles of DOX are greatly
influenced by % loading of DOX, concentrations of gelatin
and genipin (cross linker) in the nanoparticles. It is noticed
that with increase in percent loading of drug, the released
amount of DOX constantly increases.

In the case of gelatin, the release of DOX decreases
when the amount of gelatin is increased from 5.0 to 11.0 g
whereas the extent of release decreases beyond 5.0 g of
gelatin content. The released amount of DOX increases
with increasing genipin content up to 0.1326 mM whereas
the extent of release decreases beyond 0.1326 mM of
genipin content.

It is observed that the release behavior is directly reg-
ulated by the extent of swelling of gelatin nanoparticles.
Type of gelatin also has a profound effect on the release
potential of nanoparticles and it is found that type B gelatin
nanoparticles show a greater drug delivery than that by
type A nanoparticles.

The chemical stability of DOX suggests that even in
remaining in highly acidic media, the chemical nature of
DOX does not change. The zeta potential of the DOX
loaded particles increased at pH 1.8 whereas a decreased in
zeta potential observed at pH 7.4 and 8.6.

An optimum drug release is obtained at acidic pH while
lower release is observed in basic pH range. The physio-
logical fluids suppress the extent of release of. DOX.
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