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Magnetic iron oxide nanoparticles (IOPs) were coated with gelatin A and B and drug-loading efficiency
was investigated using doxorubicin (DXR) as a model drug to evaluate their potential as a carrier sys-
tem for magnetic drug targeting. Drug loading to coated IOPs was done using adsorption as well as
desolvation/cross-linking techniques to understand their role. Drug loading by adsorption technique was
done by incubating mixture of coated IOPs and drug in various conditions of pH, DXR-to-coated IOPs
ratio, gelatin types and IOPs amounts. Drug loading by desolvation/cross-linking technique was done by

gz:g;ds" adding acetone and glutaraldehyde (GTA) to the mixture of coated IOPs and DXR. The results indicated
Magnetic iron oxide involvement of electrostatic interaction during loading of DXR-to-coated IOPs. Compared to adsorption
Coating technique, desolvation/cross-linking technique improved the efficiency of drug loading regardless of type

of gelatin used for the coating. The DXR-loaded particles showed pH responsive drug release leading to
accelerate release of drug at pH 4 compared to pH 7.4.

Doxorubicin hydrochloride
Encapsulation efficiency

pH responsive drug release
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1. Introduction

Magnetic drug targeting has been used to improve localized
drug delivery to interstitial tumor targets. By the application of
an external magnetic field, the magnetic drug carriers could be
retained to achieve very high concentrations of the chemothera-
peutic agent near the target site for a given period of time without
any toxic effects to normal surrounding tissue or to the whole
body (Roullin et al., 2002; Muniyandy et al., 2004). Furthermore,
cytotoxic effects of a drug may be increased when hyperther-
mia is used in combination with several chemotherapeutic agents
(Wiedemann et al., 1997; Herman, 1983). The combination of
hyperthermia and chemotherapeutics to treat solid tumors has
attracted much research activity.

Magnetic nanoparticles (IOPs) covered with a layer of
biodegradable polymer shell or evenly distributed in the matrix
of polymer nanoparticles have been reported to be effective mag-
netic drug carrier (Wilhelm et al., 2003; Gupta and Curtis, 2004;
Petri et al., 2005; Shi and Chow, 2004). The polymer coatings have
found to reduce aggregation problem of uncoated IOPs and lower
toxicity. Such composites have been used to successfully deliver
DNA, RNA, and other relatively small therapeutic molecules to tar-
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get tissues by the use of external magnetic field (Gupta and Gupta,
2005).

Although many groups have investigated the use of various
organic coatings as a means of optimizing the delivery of IOPs to
or into cells but very few works have be done using gelatin as
a coating material (Muniyandy et al., 2004). Gelatin is a protein
derived from collagen and commonly used plasma expander. Some
of the useful properties of gelatin include solubility, biodegradabil-
ity, biocompatibility and pH-induced surface charge (Young et al.,
2005). Presence of multifunctional groups, like -NH,, —COOH, in
the gelatin chain makes it a suitable candidate to bind with drug
like doxorubicin (DXR) forming drug-polymer conjugate (Leo et al.,
1997) or poly(ethylene glycol) to form reticulo-endothelial system
(RES) evading conjugate (Kushibiki et al., 2004). Furthermore, cell
surface and extracellular matrix contain fibronectin, which con-
tain specific site for binding to cells and a range of macromolecules
including collagen and gelatin (Engvall and Ruoslahti, 1977). More-
over, gelatin can be fabricated as microspheres, nanospheres
depending on the technique used for the fabrication and found to
enhance tumoral cell phagocytosis (Coester et al., 2006).

Furthermore, some recent experimental investigations of
gelatin adsorption onto mica (Kamiyama and Israelachvili, 1992),
phosphatidyl choline-coated silica (Kamyshny et al., 1999), fumed
silicas (Mironyuk et al., 2001), carbon particles (Bele et al., 2002),
and polystyrene latices (Hone et al., 2000) conclude that the
irreversible adsorption of gelatin is possible in the liquid/solid
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interface. Combination of complex interactions e.g., van der Waals
interactions, hydrophobic interactions, and electrostatic interac-
tions between oppositely charged surfaces and proteins as well
as reduction of the amount of ordered structure (e.g., a-helix
or b-sheet) due to adsorption-induced conformational changes
(Malmsten, 1998) are considered to be the driving force for the
protein adsorption to the solid surface.

All of the aforementioned properties make gelatin a useful can-
didate for the surface coating of IOPs. In the present paper, we
report surface coating of [OPs with gelatin A and B and investigated
the drug encapsulation efficiency of the coated IOPs under dif-
ferent experimental conditions. Mostly polymer—drug conjugates
are prepared chemically by using desolvation/cross-linking tech-
nique (Weber et al.,, 2000; Maria et al., 2002; Muniyandy et al.,
2004; Bajpai and Choubey, 2006) or physically by varying pH of the
medium (Young et al., 2005; Tian et al., 2007). Both of the loading
processes are investigated to see their effect on the loading effi-
ciency. Furthermore, drug release profiles of the loaded particles
are investigated in basic as well as acidic medium. The drug chosen
for the study was doxorubicin (DXR) that is an anthracycline anti-
neoplastic agent, commonly used in the treatment of neoplasms,
including leukemias and lymphomas (Young et al., 1981).

2. Materials and methods
2.1. Materials

The starting materials were gelatin type A from porcine skin
(~175 bloom, Sigma-Aldrich, USA), gelatin type B from bovine
skin (~225 bloom, Sigma-Aldrich, USA), iron (Ill) chloride hex-
ahydrate (Fisher Scientific, UK), iron (II) chloride tetrahydrate
(Fisher Scientific, UK), sodium hydroxide (Fisher Scientific, UK),
hydrochloric acid (Fluka, UK), acetone (Samchun Chemical, Korea),
25% glutaraldehyde (GTA) (Sigma-Aldrich, USA), doxorubicin (DXR)
hydrochloride (Sigma-Aldrich, USA). Deionized water purged with
nitrogen gas was used in all steps involved.

2.2. Surface coating of IOPs and characterization

The IOPs were synthesized by co-precipitation of the ferrous
and ferric chloride solution in concentrated sodium hydroxide
solution as reported earlier (Gaihre et al., 2008a,b). In this experi-
ment, a stock solution of ferrous and ferric chloride solution having
Fe2*/Fe3* jon ratio equal to 0.5 (molar ratio) was prepared by dis-
solving required amount of the corresponding salts (Gaihre et al.,
2008a,b) and same stock solution was used to precipitate IOPs.
Briefly, 1M NaOH and 12ml gelatin solution (A or B, 5% (w/v),
pH 5) were added to the ferrous and ferric chloride stock solution
(0.5, 1 and 2 ml), simultaneously. The resulting black precipitates
were stirred for further 30 min before magnetic collection. The pre-
cipitates were redispersed in 12 ml of deionized water with brief
sonication and dialyzed against deionized water overnight. The
homogenous dispersions of surface-coated IOPs were collected by
removing the aggregates by centrifugation at 3000 rpm for 2 min.
The product would be referred to as GIOIBPs-0.5, GIOIBPs-1, and
GIOIBP-2 for gelatin B-coated IOPs and GIOIAPs-1, and GIOIAPs-2
for gelatin A-coated IOPs. The numbers in each of the name rep-
resent the corresponding volume of ferrous and ferric chloride
solution used for the precipitation.

2.2.1. 1OPs concentration

The IOPs concentration present on different samples of the
surface-coated IOPs dispersion was estimated using inductively
coupled plasma spectrometer (ICPS-7500, Shimadzu, Japan). Sam-
ples for ICPS analysis were prepared by treating 10 ul of the

dispersion with 20 pl of 35% HCl and diluting the resulting product
to 10 ml by adding deionized water. The IOPs concentration (mg/ml)
was calculated by using following relation (Gupta and Curtis, 2004).

1 particle of IOP = 62896iron atoms

1g of I0Ps = 1.71 x 10" particles

2.2.2. Gelatin concentration

The coated IOPs were collected from the ferrofluid using magnet
and the thermogravimetric analysis was done to find percentage
of gelatin adsorbed to the surface of the IOPs. Thermogravimetric
analyzer (Pyris 1 TGA, PerkinElmer, USA), operating at a heating
rate of 10°Cmin~!, from room temperature to 700 °C, under steady
flow of nitrogen gas was used.

2.2.3. Particle size and surface charge

The hydrodynamic size and zeta potential of the samples were
measured by using dynamic lights scattering technique (DLS,
Malvern system 4700, Malvern, UK). Samples were prepared by
diluting 20 pl of the dispersion to 1.5 ml with deionized water.

2.2.4. Morphology

The morphology of surface-coated IOPs was observed by trans-
mission electron (BIO-TEM, H-7650, Hitachi, Japan) microscopy
operating at 100 kV.

2.2.5. Surface functional group

The coated IOPs were collected from the ferrofluid using magnet
and the surface modification was analyzed using fourier transform
infrared (FT-IR, FTS 1000, Varian, USA) spectroscopy at 4cm~! res-
olution. The FTIR spectrum was measured in the 400-4000 cm™!
region for sample dispersed in KBr pellets.

2.2.6. Crystalline structure

The coated IOPs were collected from the ferrofluid using magnet
and the crystalline structure was analyzed using X-ray diffrac-
tion techniques. X-ray diffractometer (XRD, Lad-X 600, Shimadzu,
Japan) utilizing CuKa radiation (A = 1.54053 A), operating at 30 mA
and 40 kV, was used to investigate the crystalline phases. The scan
rate and scan angle were fixed at 4°min~! and 20-70 26 degree,
respectively.

2.3. Drug loading into coated IOPs

Mostly polymer-drug conjugates are prepared either by adsorp-
tion by varying pH of the medium or chemically by using
cross-linking agent. In present work both of the loading process
were investigated to see their role on the loading.

2.3.1. Drug loading through adsorption

The drug loading through adsorption was done by incubating
the doxorubicin (DXR) and the gelatin-coated IOPs in different
experimental conditions. Briefly, both an aqueous dispersion of
gelatin-coated IOPs and DXR was pre-warmed at 37 °C, and mixed
together with vortex mixing. After incubation for 1h at 37°C in
dark, the free drug was removed by dialysis against deionized water
for 1 h. The drug-loaded nanoparticle dispersion was stored at 4°C
for further analysis.

The adsorption process was done at various pH (4 and 7.2),
DXR-to-coated IOPs ratios (0.01, 0.02, 0.03), IOPs concentrations,
and gelatin types (A and B) to investigate their effect in loading
efficiency.
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To investigate the effect of pH, DXR-to-coated IOPs ratio and IOPs
concentration was 0.02 and 8 mg ml—!, respectively, and gelatin B-
coated IOPs was used.

Similarly, to investigate the adsorption process at various DXR-
to-coated IOPs ratios, the pH and IOPs concentration in the
dispersion was 7.4 and 8mgml~! and gelatin B-coated IOPs was
used.

To investigate the effect of IOPs concentration, the DXR-to-
coated IOPs ratio and pH was 0.02 and 7.4, respectively, and both
gelatin A- and B-coated IOPs were used.

2.3.2. Drug loading through desolvation/cross-linking

For drug loading through desolvation/cross-linking process, the
mixture of coated IOPs and drug was incubated at 37°C in dark
as mentioned above. After incubation for 1h as mentioned above,
acetone was added to the dispersion (50 .l per ml) to induce the
desolvation process followed by addition of glutaraldehyde (GTA)
(4%, v[v, 10 wl per ml) for cross linking. The mixture was incubated
for further 1h at 37°C in dark. Lastly acetone, unreacted GTA and
unloaded drugs were removed by dialysis against deionized water
for 1h.

The drug-loading process was done at pH 7.4 and drug-to-coated
IOPs ratio was adjusted to 0.02. The IOPs concentrations were 0.2
and 28 mg ml—! for gelatin B- and A-coated IOPs, respectively.

2.4. Encapsulation efficiency

The DXR content in the DXR-loaded nanoparticles was deter-
mined by using previously reported method (Leo et al., 1999).
Briefly, DXR-loaded nanoparticles dispersion was mixed with
enzyme to have DXR-loaded nanoparticles-to-enzyme ratio of 5:1
and the resulting dispersion was incubated for 5h at 37°C in
dark. As DXR covalent coupling can be quantified as DXR equiva-
lents using absorption at 480 nm, the DXR content after enzymatic
degradation was determined spectrophotometrically at 480 nm.
The solution obtained from the unloaded nanoparticles in the same
experimental conditions was used as blank. DXR concentration in
the nanoparticles was determined by measuring absorbance at
480 nm against a standard curve. The standard curve was con-
structed with different concentrations of DXR (0.01-8 pgml—1)
dissolved in distilled water.

The encapsulation efficiency was calculated using flowing rela-
tion

- O 00

otal

where E is the percentage encapsulation of the coated IOPs, Qpxr
the quantity of drug encapsulated in coated IOPs (g) and Qqqa iS
the quantity of drug added for encapsulation (g).

2.5. Invitro drug release

The in vitro release study of DXR-loaded nanoparticles was car-
ried out at 37°C under magnetic stirring in dark using dynamic
dialysis technique. According to the technique, drug is firstly
released from the coated IOPs into the donor solution contained
in the dialysis bag. Subsequently, the drug can diffuse through the
dialysis bag in the receiver solution, where the drug concentration
is determined. The particles with encapsulation efficiency 39.4%
were used for this analysis.

Briefly, the DXR-loaded nanoparticles dispersion (100 w1, donor
solution) was kept in a dialysis membrane with a molecular weight
cut-off of 12,000-14,000 Da and dialyzed against 20 ml buffer solu-
tion (pH 4 or 7.4, receiver solution). At a regular interval of time

1 ml of receiver solution was withdrawn and same volume of solu-
tion was replaced. Absorbance of the withdrawn receiver solution
was measured at 480 nm using UV-visible spectrophotometer and
concentration of DXR was calculated using the standard calibration
curve. The solution obtained from a dialysis test carried out using
unloaded nanoparticles was used as control. The cumulative frac-
tion of release doxorubicin versus time was expressed by following
equation

_ [DXR];
- [DXR]total

where [DXR]; is the amount of DXR released at time t, [DXR];,; iS
the total DXR present in the DXR-loaded nanoparticles. To study the
drugrelease in the presence of a proteolytic enzyme the dialysis test
was performed for 30 h without enzyme as described above. After
this time period, trypsin solution (DXR-loaded nanoparticles-to-
enzyme ratio=5:1) was added to the donor solution and analyzed
as before.

Cumulative release DXR (%) x 100

3. Results and discussion
3.1. Characterization of surface modified IOPs

3.1.1. Physicochemical properties

Physiochemical properties of five different samples of stabilized
ferrofluids were studied and the result is presented in Table 1.
In this table first three samples (GIOIBPs-0.5, 1, and 2) represent
gelatin B-stabilized ferrofluid and last two (GIOIBPs-1 and 2) rep-
resent gelatin A-stabilized ferrofluid. The table indicates that there
was increase in IOPs concentration of the ferrofluid with increas-
ing iron chloride stock solution for both types of gelatin coatings.
Furthermore, with increasing IOPs amount, the amount of gelatin
and hydrodynamic size of the ferrofluid decreased for both type of
gelatin coatings. As in this experiment, gelatin amount was kept
constant and with increasing IOPs amount in the ferrofluid we can
expect increasing competition between each IOPs for fixed amount
of gelatin resulting in decrease in gelatin layer adsorbed per IOPs as
suggested by Table 1. Furthermore, in addition to imparting water
solubility to the ferrofluid, gelatin has another important property
i.e., gelatin solution converts to gel, which is marked by increasing
viscosity. However, the time taken for a gelatin solution to con-
vert to gel depends on the concentration of gelatin in the solution.
The higher the concentration of gelatin, more viscous the solution
would be and the faster it changes to gel. Particle size would be
definitely larger in more viscous solution. Decreasing size of fer-
rofluid with decreasing gelatin, shown in Table 1, is as expected
because it decreases the viscosity (Table 1) and gelling property of
the ferrofluid.

Although, both types of ferrofluid i.e., gelatin A- as well as gelatin
B-stabilized ferrofluid showed similar trend of decrease in hydrody-
namic size of the ferrofluid with increasing IOPs amount, different
trend of zeta-potential variation was observed for them. For exam-
ple, gelatin B-stabilized ferrofluid showed increasing zeta potential
(GIOIBPs-0.5 to GIOIBPs-2.0) but gelatin A-stabilized ferrofluid
showed decreasing zeta potential with increasing IOPs amount of
the ferrofluid (GIOIAPs-1.0 to GIOIAPs-2.0). Before zeta potential
and size analysis, the pH of the dispersion was adjusted to 7.2. At
this pH, since gelatin B and IOPs, both, would have negative charge,
the more negative charge would be added to the ferrofluid when
IOPs were coated with gelatin B. The decreasing gelatin layer in
the IOPs surface (GIOIBPs-0.5 to GIOIBPs-2.0) would, ultimately,
decrease the negative charge. On the other hand, gelatin A has neu-
tral or slight positive charge at pH 7.2 (isoelectric point 7-9), it
would neutralize the negative charge of IOPs leading to less neg-
ative zeta potential of gelatin A-coated IOPs. Increasing amount
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Table 1
Physicochemical properties of gelatin coated IOPs
Samples Liquid property Viscosity (cP) I0Ps (mg/ml) Gelatin (%) Size (nm) Zeta (mV)
GIOIBPs-0.5 Turns gel after 24 h 6 0.2 58 356.4 —185.1
GIOIBPs-1.0 Free-flowing liquid 4 8.0 57 288.0 —126.0
GIOIBPs-2.0 Free-flowing liquid 3 17.0 49 176.0 —46.6
GIOIAPs-1.0 Free-flowing liquid 4 9.0 59 301.2 —46.8
GIOIAPs-2.0 Free-flowing liquid 3 28.0 56 240.5 -126.3
o o
o
ol
R Y
ol o] : . P
/\ b Desolvation Cross-linking o
H acetone GTA
o
oie] o \/‘8\
(a) (b) © GTA

Scheme 1. Absorption of gelatin layer to IOPs (@) surface (a), coiling of the gelatin chain due to addition of acetone (b), and cross-linking of gelatin chain with GTA, leading

to encapsulation of drug (&1 ) in gelatin-coated IOPs (c).

of I0Ps in the dispersion (GIOIAPs-2.0 compared to GIOIAPs-1.0)
decreased the amount of gelatin layer on the surface, as suggested
by Table 1, which resulted in decrease in positive charge making
the coated particle more negative. These changes in surface charge
under different experimental condition confirmed that the IOPs-
core was coated with gelatin layer forming core-shell structure as
shown in Scheme 1a.

Furthermore, Table 1 indicates that gelatin A-stabilized fer-
rofluid had large amount of IOPs stabilized compared to gelatin
B-stabilized ferrofluid, under similar condition. For colloidal stabil-
ity, the repulsive forces between particles must be dominant and
steric repulsion is one of the fundamental mechanisms that affect
colloidal stability. The steric repulsion involves polymers added to
the system adsorbing onto the particle surface forming a core-shell
type structures and causing repulsion. As discussed in Section 1,
gelatin is a natural polymer with carboxyl, amine, and amide func-
tional groups present in the polymer chain. In addition, depending
on the pH different charges could develop on these functional
groups making gelatin negatively or positively charged (Young et

al., 2005). Before surface coating, the pH of the gelatin was adjusted
to 5. As suggested by isoelectric point of B (isoelectric point 4.7-5.2)
and gelatin A (isoelectric point 7-9), gelatin B would have neutral
or slight positive charge and gelatin A would have comparatively
large positive charge. Similarly, as IOPs were synthesized from the
basic solution, it would have negative charge (Illes and Tombacz,
2006). So, adsorption of the gelatin to the IOPs in the dispersion
could be visualized as shown in Scheme 1a, which was induced due
to electrostatic interaction between the gelatin layer and IOPs sur-
face. Since, gelatin A had more positive charge compared to gelatin
B, the ferrofluid stabilized by gelatin A showed larger amount of
stabilized IOPs (Table 1).

3.1.2. Morphology, functional group analysis and crystalline
structure

The surface morphology, functional group and crystalline struc-
ture for gelatin B-coated IOPs were analyzed using BIO-TEM,
FT-IR, and XRD and the results are presented as Figs. 1-3,
respectively. The surface-coated IOPs were collected from the

Fig. 1. BIO-TEM (a) and SADP (b) of coated IOPs.
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Fig. 2. FT-IR spectrum of uncoated IOPs (a), plain gelatin (b), and coated IOPs (c).

ferrofluid-using magnet and air-dried before analysis by FT-IR and
XRD.

BIO-TEM (Fig. 1a) of gelatin B-coated IOPs indicated that the
crystals were roughly spherical in shape with average crystal diam-
eter in the narrow range of 5-13 nm. The narrow nanoparticle size
range is an important requirement because uniform size particles
provide an equal probability of magnetic capture and are character-
ized by similar drug content. The precipitation and simultaneous
coating process of nanoparticles provided particles of narrow size
range. The selected electron diffraction pattern (SADP) obtained
from coated IOPs (Fig. 1b) consisted of five distinct concentric rings
depicting the spinel crystal structure.

Fig. 2 represents the FT-IR spectrum of the coated IOPs along
with plain gelatin and uncoated IOPs. The peaks at 580 and
400cm~! were the characteristic peaks for the IOPs (Gupta and
Curtis, 2004). Similarly, the plain gelatin exhibited a number of
characteristic spectral bands. The most characteristics of them
were; N-H stretching at 3300-3500 cm~! for amide A, C-H stretch-
ing at 3064cm~! for amide B, C=0 stretching at 1670cm~! for
amide I, N-H deformation at 1560 cm~! for the amide II, and other
bands associated with C-N stretching and N-H deformation for

Intensity (a.u.)

v T ¥ T ’ T t T ¥
20 30 40 50 60 70

Diffraction angle, 20 (degree)

Fig. 3. XRD spectrum of uncoated IOPs (a) and coated IOPs (b).

amide III groups (Chang and Tanaka, 2002). All these characteristic
bands were present in the spectrum for coated IOPs too. Moreover,
the characteristic bands for IOPs were also seen in their usual posi-
tions at 580 and 400 cm~!. The FT-IR indicated presence of polymer
in IOPs surface.

The crystalline phases of the gelatin B-coated IOPs were char-
acterized by observing XRD patterns of the sample (Fig. 3). The
positions and relative intensities of the peaks at 20 angles of 30.1,
35.5, 43.3, 53.4, 56.4, and 62.6 were quite similar to those of mag-
netite (Cornell and Schwertmann, 2000). Presence of oxygen could
lead to oxidation of IOPs to haematite, ferric hydroxide and other
phase of iron oxides. The XRD patterns ruled out presence of all
these unwanted impurities.

3.2. Drug loading into coated IOPs

The drug loading to coated IOPs were done using adsorption and
desolvation/cross-linking techniques.

3.2.1. Drug loading through adsorption

The pK, of doxorubicin is 8.6, and protonated amino nitrogen
provided the positive charge to the drug at pH 7.2 (Young et al.,
1981). As suggested by Table 1, the surface charge of the coated IOPs
would be negative at the given pH. So, the electrostatic interaction
between coated IOPs and doxorubicin could be the basis for the
drug binding.

Increasing zeta potential of surface coated IOPs after drug load-
ing, as shown by Fig. 4a—c, indicated the interaction. After drug
loading, as, the surface charge became more positive the sur-
face layer would be pulled more strongly by negative core (IOPs,
zeta=-20mV) resulting in decreased size with increasing IOPs, as
shown in Fig. 5b. Fig. 6 represents surface charge and size of the
gelatin B-coated IOPs after drug loading with increasing drug-to-
nanoparticle ratio. The increase in zeta potential and decrease in
size with increasing drug-to-nanoparticle ratio after drug loading
also indicate involvement of electrostatic interaction between drug
and coated IOPs.

However, the gelatin B-coated IOPs in acidic medium (Fig. 5a)
and gelatin A-coated IOPs in basic pH (Fig. 5c¢) showed unexpected
increase in size after drug loading. In these two samples one thing
was common i.e., both of the coated IOPs acquired positive zeta
potential after drug loading (Fig. 4a and c). Tian et al. (2007)
showed similar increase in size of the loaded particles in acidic pH
due to aggregation, where both of the components acquired posi-
tive charge. We also strongly believe that with increasing positive
charge aggregation of the coated IOPs might occurred resulting in
increased hydrodynamic size.

3.2.1.1. Encapsulation efficiency. Figs. 7 and 8 represent the encap-
sulation efficiency of coated IOPs in different experimental
conditions. Doxorubicin was added to the surface coated IOPs at dif-
ferent pH (4 and 7.2) and various drug-to-nanoparticle ratio (0.01,
0.02, and 0.03) and it was found that with increasing pH and drug-
to-nanoparticle ratio the encapsulation efficiency also increased
(Fig. 7a and b) as expected because increasing pH made the
surface-coated IOPs more negative (Fig. 4a), thus, aiding the charge-
induced adsorption of positive drug. However, since, increasing
amount of IOPs in gelatin B-coated IOPs made them less negative
(Table 1 and Fig. 4b), the encapsulation efficiency also decreased
as shown in Fig. 8a. On the other hand, increasing encapsula-
tion efficiency with increasing IOPs amount in gelatin A-coated
IOPs as shown by Fig. 8b was as expected because increasing IOPs
amount made gelatin A-coated IOPs more negative (Table 1 and
Fig. 4c).
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Fig. 4. Effects of pH (a) and IOPs concentration (b and c¢) on zeta potential of gelatin B (a and b) and A (c) coated I0Ps before (M) and after (O) drug loading.

3.2.2. Drug loading through desolvation/cross-linking

Desolvation and cross-linking technique had been used to
encapsulate drug. In this technique, the mixture of gelatin, IOPs and
drug in aqueous solution was first treated with acetone followed by
addition of glutaraldehyde (GTA) for desolvation and cross-linking
purpose (Weber et al., 2000; Maria et al., 2002; Muniyandy et al.,
2004; Bajpai and Choubey, 2006). Theoretically, when acetone is
added to the surface-coated nanoparticle dispersion, coiling of the
extended chain occurs because of insolubility of gelatin chain in
acetone as shown in Scheme 1b. When GTA is added to the solution,
it reacts with gelatin chain intermolecularly or intramolecularly
leading to formation of gelatin-coated IOPs with different hydro-
dynamic size. If drug is present at this stage it is trapped in side
the gelatin chain or conjugated intermolecularly to gelatin chain
mediated with GTA as shown by Scheme 1.

Although the technique was conceptually simple, acetone and
GTA amount was found to affect the size and stability of the coated
IOPs (Gaihre et al., 2008a,b). So, exact amount of desolvating/cross-
linking agent was optimized to get the coated IOPs of best size
and stability before drug-loading experiment. From the optimiza-
tion step we concluded that 50 .l acetone and 10 .l GTA per ml of
coated IOPs dispersion and 1 h incubation time would be suitable
parameters for the drug loading using desolvation and cross-linking

technique. Although both of gelatin A- and B-coated IOPs showed
decrease in size after desolvation/cross-linking process as shown by
Fig. 9a and b, there was no drastic change in size after drug loading.

3.2.2.1. Encapsulation efficiency. Fig. 10a and b make the compar-
ison of encapsulation efficiency when drug loading was done by
simple charge-induced adsorption and/or by desolvation/cross-
linking technique and it was found that the later technique
increased the loading efficiency (Fig. 10a and b) irrespective of type
of gelatin used for coating.

3.3. Invitro drug release

3.3.1. In absence of enzyme

The drug release behavior of gelatin B-coated IOPs was investi-
gated using a dialysis membrane in basic as well as acidic medium
at 37°C in dark. Fig. 11 shows the release profile of doxorubicin
(DXR) in absence and presence of coated IOPs, which was used as a
carrier system. The release profile of DXR from the coated IOPs was,
further, compared using acidic (pH 4) and basic (pH 7.4) release
medium.

It was apparent that almost 90% of the drug released within 4 h
of dialysis, when pure DXR was dialyzed in basic medium (Fig. 11a).
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However, the DXR release from gelatin B-coated IOPs was slow
and controlled in basic as well as acidic release medium. In the
early stage of 2 h, in the basic medium, release of only 11% of DXR
occurred. The release continued for next 30 h leading to release of
extra 21%, after which the release was very slow and insignificant.
The release profile of DXR from the same carrier system, in acidic
medium of pH 4, showed very fast release with almost 44% of burst
release within 2h of experiment. An extra 17% of drug released
in eighth hour of experiment after which there was insignificant
release. In conclusion, total 32% of drug released in 30 h of exper-
iment from the coated IOPs in basic release medium while 61% of
drug released in 8 h of experiment from the coated IOPs in acidic
release medium.

The fast release profile at pH 4, can be justified because at this pH
the carrier system (gelatin-coated IOPs) acquired positive charge, as
shown by Fig. 4a, which resulted in weaker DXR to coated IOPs inter-
action, hence, very fast release upto 61% compared to basic medium
(upto32%)in 30 h (Fig. 11a). The burst release of the DXR, in the first
2 h, in both the acidic and basic release medium, corresponded to
the weakly associated DXR in the carrier system, especially surface
bound drug particles. A slow release observed after 2-30 h also cor-
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responded the free DXR but those, which were trapped in coated
I0OPs, probably, by the gelatin layer. Rest of the unreleased DXR could
be viewed as those strongly bound to the carrier system due to
strong electrostatic bond.

3.3.2. In presence of enzyme

In order to evaluate the release of DXR fraction tightly linked
to the carrier system (gelatin-coated IOPs), the donor solution was
treated with proteolytic enzyme (trypsin) and release was contin-
ued as before. Fig. 11b suggested that there was a burst release of
extra 23% of DXR in 5h after enzyme addition, in basic medium.
After that there was very slow release resulting in release of extra
20% in 127 h, after enzyme addition. The DXR release in acidic
medium, however, did not show significant burst release (Fig. 11b).
Since, large amount of DXR (upto 61%) was found to release before
enzyme addition, it appeared that almost free DXR released before
enzyme was added. However, there was slow release of DXR result-
ing in release of extra 34% in 127h, after enzyme addition. In
conclusion, there was extra 43 and 34% of drug release after enzyme
addition in basic and acidic release medium, respectively. The
release of DXR after enzyme addition shown in the medium of both
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Fig. 11. Drug release profiles of gelatin B-coated IOPs in acidic (O), and basic (®) release medium of pH 4 and 7.4, respectively, in absence (a) and presence (b) of enzyme.

Broken line represents the release profile of pure doxorubicin.
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pH 4 and 7.4 corresponded to the DXR tightly bound to the coated
IOPs. Upon enzymatic degradation, release of free or DXR-coupled
coated particles with a molecular weight lower than 13,000 Da (cut-
off value for the membrane) could take place from the dialysis bag.

Rapid drug release from the carrier in the vicinity of tumor vas-
cular endothelial cells was considered effective in tumor regression
(Needham etal.,2000). So, various triggering mechanisms had been
described in the literature, including those that rely on changes
in local microenvironment such as decreased pH (Drummond et
al., 2000), presence of specific enzymes (Vermehren et al., 1998),
and heat (Chiu et al., 2005). The pH responsive drug release profile
shown by gelatin B-coated IOPs would make it an interesting can-
didate that would have potential application as a carrier system to
attain pH-induced drug release of the loaded drug to the target site.

4. Conclusions

The ferrofluid of gelatin-coated I0Ps showed physicochem-
ical properties depending upon the IOPs, gelatin amount, and
types of gelatin. The increase in surface charge of coated IOPs
after drug loading indicated charge-induced adsorption of posi-
tive doxorubicin to negative coated IOPs. The increase or decrease
in encapsulation efficiency of coated IOPs according to the sur-
face charge of the coated IOPs also confirmed the involvement of
drug-to-particle interaction in the drug-loading phenomenon. Fur-
thermore, the carrier capacity of gelatin-coated IOPs were higher
when loading process was done by desolvation/cross-linking tech-
nique compared to adsorption process only. The drug-loaded
particles showed pH-triggered release of drug with higher release
rate at lower pH of 4 compared to pH 7.4.
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