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ABSTRACT

Purpose To develop a novel monoglycerides-based thermal-
sensitive drug delivery system, specifically for local intracavitary
chemotherapy.

Methods Lipid matrices containing mixtures of glyceryl
monooleate (GMO) and glyceryl monostearate (GMS) were
evaluated for their potential application as magnetically induced
thermo-responsive local drug delivery systems using a poorly
water-soluble model drug, nifedipine (NF). Oleic acid-modified
iron oxide (OA-Fe304) nanoparticles were embedded into the
GMO-GMS matrix for remote activation of the drug release using
an afternating magnetic field (AMF).

Results The crystallization behavior of binary blends of GMO
and GMS as characterized by DSC did show temperature
dependent phase transition. GMO-GMS (75:25 wt%) blend
showed a melting (T,,) and crystallization (T.) points at 42°C
and 37°C, respectively indicating the potential of the matrix to
act as an ‘on-demand’ drug release. The matrix released only
35% of the loaded drug slowly in 10 days at 37°C whereas
96% release was obtained at 42°C. A concentration of 0.5%
OA-Fe30Q,4 heated the matrix to 42.3 and 45.5°C within 5 min
and 10 min of AMF exposure, respectively.
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Conclusions The in vitro NF release profiles form the
monoglycerides matrix containing 0.5% OA-Fe3O4 nanoparticles
after AMF activation confirmed the thermo-responsive nature of
the matrix that could provide pulsatile drug release ‘on-demand’.
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ABBREVIATIONS
AMF Alternating magnetic field

DSC Differential scanning calorimetry

GMO Glyceryl monooleate

GMS Glyceryl monostearate

NF Nifedipine

OA-Fe304  Oleic acid-modified iron oxide nanoparticles
Te Crystallization temperature

T Melting temperature

INTRODUCTION

It 1s well recognized that precise spatial and temporal delivery
of therapeutic agents to the target site is a means by which
maximum effectiveness and safety of the therapy can be
realized. Drug delivery triggered by factors, such as pH
(1-3), heat (4), magnetic field (5-9), ultrasound (10,11) or
combination of two or more stimuli (12), has been studied as
a means to increase the drug concentration at the target
location, lower systemic toxicity, and provide temporal
control over drug release.

Many stimuli-responsive drug delivery systems have
been designed and fabricated using polymers (9,13,14).
Issues related to polydispersity, kinetic reproducibility,
and toxicity imparted by stimuli-responsive functional
groups can limit @ vwo utility (15) of polymer systems.
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Lipid mixtures provide an alternative platform for
stimuli-responsive drug delivery systems (16,17). Many
lipids and lipid-based formulations are known to be
nontoxic and biocompatible and to enhance the solubility
and permeability of many drugs (18,19).

Monoglycerides, such as glyceryl monooleate (GMO) and
glyceryl monostearate (GMS), are self-assembling amphiphilic
molecules that form a variety of crystalline structures (20) with
useful mechanical properties of special interest in drug
delivery (16). It is well known that monoglycerides exhibit
complex solid-state behavior including melting, crystallization
and physical modifications during processing and storage (21).
Since the polymorphic behavior is typically monotropic, each
polymorph possesses a unique melting point and undergoes
transitions at well-defined temperatures (22). The melting and
crystallization pattern of a matrix of mixed monoglyceride
polymorphs is known to be a function of the composition
and can be systematically tuned to achieve desirable
properties.

The principle of modifying the physical property of
lipid-matrix through blending of components is widely
used in the food industry. One example is the
utilization of the gel phase properties of long-chain
saturated monoglycerides to achieve the structuring of edible
oils without addition of high melting point saturated or #rans
fats (23).

The hypothesis of this project is that an appropriate blend
of GMO and GMS will provide a thermo-responsive gel
matrix that melts at 42°C and solidifies at 37°C.. A potential
clinical application of a thermo-responsive GMO-GMS gel
matrix via an alternating magnetic field (AMF) would be as a
drug depot in the treatment of malignant brain tumors. (24). It
1s envisioned that the gel matrix would be inserted in the cavity
remaining after surgical resection of the tumor. It is
hypothesized that drug release from this matrix will be
strongly temperature-dependent, being rapid at 42°C and
ceasing at 37°C. To provide a means of localized heating
through the external application of an alternating magnetic
field (AMF), oleic acid-modified iron oxide (OA-Fe3Oy)
nanoparticles were incorporated into the chosen GMO-
GMS matrix. In this study it is demonstrated for the first time
that the GMO-GMS matrix, combined with magnetite
nanoparticles and subjected to an AMF, exhibited
unique properties suitable as a tunable thermo-sensitive
local drug delivery system.

MATERIALS AND METHODS
Chemicals

1-Oleoyl-rac-glycerol (c18:1, 99%) and 1-monostearoyl-rac-
glycerol (c18:0, 99.7%) were purchased form Sigma Aldrich.

Nifedipine (NF) and the salts for artificial cerebrospinal fluid
(AGSF) were obtained from Fisher Scientific, and used as
received. Iron (III) chloride hexahydrate (FeCls-6HoO), iron
(IT) chloride tetrahydrate (FeCly-4H50), and oleic acid (OA)
were obtained from Sigma Aldrich, and used as received. All
other chemicals were of analytical purity. Spherical iron-oxide
nanoparticles (Fe;O,4, magnetite) with a mean diameter of 20—
30 nm were purchased from Nanostructured and Amorphous
Materials, Inc.

Preparation of the Monoglycerides Matrix

Various compositions between 0 and 100 w/w% of GMO-
GMS mixtures were prepared by a fusion method. The
mixtures were homogenized by repeating a process of melting
in water bath at 80°C, shaking, followed by chilling in ice-bath
4-5 times. The samples were characterized using differential
scanning calorimetry (DSC). Selected GMO-GMS lipid
matrices (25:75, 50:50 and 75:25 wt%) were loaded with
0.25-1.3% oleic acid-modified magnetite (OA-Fe30y)
nanoparticles for the remote heating using alternating
magnetic field (AMF). The i vitro release of the model drug
nifedipine from the GMO-GMS matrices was studied at 37°C
and 42°C in artificial cerebrospinal fluid (ACSF). The AMF-
induced pulsatile release profile of NF from GMO-GMS
matrix containing 0.5% w/w OA-Fe;0, was evaluated.

Characterization of the Monoglycerides Matrix
by Differential Scanning Calorimetry

The thermal behavior and phase diagrams of GMO-GMS
systems were investigated using a differential scanning
calorimeter (DSC-2920, TA Instruments). The samples were
accurately weighed and heated in hermetically sealed
aluminum pan at a rate of 5°C/min first from —30°C to
90°C, cooled back to —10°C and then re-heated. The
thermograms were analyzed by the resident software for the
peak melting temperature (7,,) and the peak crystallization
temperature (7 ,) during the first heating cycle and the second
melting temperature (7m ) obtained during the re-heating.

Synthesis and Characterization of OA-modified Fe;0,
Nanoparticles

A one-pot co-precipitation method was used to prepare the
oleic acid coated iron oxide nanoparticles as previously
reported (25). Briefly, aqueous solutions of FeCl;-6HyO and
FeCl,.4H,0 were combined in a 2:1 molar ratio in a sealed
three-neck flask under vigorous stirring and an inert Ny
environment. Once 85°C was reached, 5 mlL of NH,OH
was injected into the vessel followed by 2 ml of oleic acid
and the reaction was carried out for 1 h. The particles were
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washed and retrieved with magnetic decanting. Following the
wash the particles were dried and stored under vacuum.

Quantification of Remote Heating

To measure the heating that occurs due to the OA-Fe;0,
nanoparticles, GMO-GMS matrices containing 0.25-1.3%
nanoparticles were exposed to an alternating electromagnetic
field (AMF) induced by a custom-built Taylor Winfield
induction power supply (model MMF-3-135/400-2) equipped
with a solenoid with a 20 mm diameter and five turns.
Samples of the matrix were placed in a tube that is placed in
the center of the solenoid (Fig. 1). The AMF was applied for
10 min at field strength of 57.0 kA/m and 300 kHz frequency
and the temperature was continuously measured by a
fluoroptic thermometer from LumaSense Technologies.

Preparation of Nifedipine Monoglycerides Matrix

GMO-GMS matrix containing 5% w/w nifedipine was
prepared using a fusion method. The required amount of
nifedipine was first dissolved in molten GMO at 40°C and
the solution was added into GMS that previously melted and
kept at 65°C. The OA-Fe;O,4 nanoparticles were dispersed
into the mixture and cooled while mixing continuously.

In Vitro Release of Nifedipine

The release studies of nifedipine from the mixed
monoglyceride matrices were conducted using cellulose ester
dialysis tubing (Spectra/Pro® CE Float-A-Lyzer® G2,
Spectrum, 1-mL, MWCO 3500-5000 Da, surface area
approximately 7.8 cm?) at 37°C and 42°C in artificial
cerebrospinal fluid (ACSF) at pH of 7.4 (n=3). ACSF
contained sodium chloride (124 mM), potassium chloride
(1.75 mM), magnesium sulfate (1.3 mM), calcium chloride
(2.4 mM), potassium dihydrogen phosphate (1.25 mM),

ACSF release medium

AMF 0-— Solenoid
Power
Source AMF (Alternating

;, : ; Magnetic Field)
A "--..___ Monoglycerides-based
— matrix formulation

Fig. I Schematic presentation of the heating of the monoglycerides-matrix
using AFM. The tube containing the formulation and the ASCF release
medium was placed inside the coil.
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sodium bicarbonate (26 mM) and dextrose (10 mM). One
mulliliter of freshly prepared nifedipine monoglycerides matrix
(equivalent to 0.5 mg nifedipine) was placed into a 1 mL
dialysis bag. The dialysis bags were placed in 200 mL ACSF
release medium maintained at 37°C or 42°C. Sink condition
was maintained throughout the release studies. At selected
time intervals, a 1 mL sample of media was withdrawn and
replaced with fresh ACSF. The nifedipine content was
quantified using a Waters 2629 HPLC system with a Supelco,
ABZ+, 5 um, 4.6 X250 mm column and detected at 236 nm.
Acetonitrile/water (50:50%v/v) was used as the mobile phase
at a flow rate of 1.0 mL/min. Preliminary experiments were
conducted to observed the rate at which drug appeared in the
receiver compartment when drug in ACSF was placed in the
donor compartment.

AMF-Triggered Release of Nifedipine

The AMF-triggered pulsatile release of nifedipine from the
GMO-GMS (75:25% w/w) matrix containing 0.5% OA-
Fe;Oy4 nanoparticles was studied. The experimental AMF
device is shown in Fig. 1. Samples of the matrix (equivalent
to 25 pg nifedipine) were placed in centrifuge tube containing
10 mL ACSF at 37°C bath. Every 24 h, the samples were
exposed to AMF for 5 min. Two hours prior to AMF
exposure, and 2 h following exposure, 0.5 mL of media was
withdrawn for HPLC analysis of nifedipine. Fresh ACSF at
37°C was used to replace the volume of media removed.

RESULTS

A thermo-sensitive matrix offers enormous potential as an ‘on
demand’ drug delivery system where the release of drug could
be triggered by external heating. The core hypothesis of this
work is that pure monoglycerides undergo phase transitions at
well-defined temperatures based on their structure (22) and
these transitions may be exploited to formulate a thermo-
responsive local drug delivery system. The proposed concept
of monoglycerides-based thermo-responsive drug delivery
system is schematically illustrated in Fig. 2. When the
environmental temperature is 37°C and the lipid chains are
in a crystalline state, release of solute drug is significantly
slower than when lipid chains melt at 42°C. To identify those
systems with the target thermal and drug release properties,
binary mixtures of GMO and GMS were evaluated.

Phase Behavior of GMO-GMS Binary Mixtures

Polymorphism is a common phenomenon in long-chain
compounds including fats and lipids (19). Long-chain
saturated monoglycerides possess complex polymorphic
forms; for GMS these are identified as the stable f-form and
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Fig. 2 Schematic illustration of the
proposed concept of
monoglycerides-based thermo-
responsive drug delivery system.
Model on the GMO-GMS matrix
containing the OA-Fe3Oy4
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a series of metastable (a, sub-al and sub-a2) forms.
Unsaturated monoglycerides, like GMO, show a less complex
behavior with the occurrence of only one polymorph (26).
Blending of saturated and unsaturated monoglycerides is
expected to produce complex crystalline behavior.

The phase behavior of GMO-GMS binary mixtures was
studied by differential scanning calorimetry (DSC). Presented
in Fig. 3 is the thermogram of the 50:50 wt% system of GMO-
GMS. Two endothermic melting 7, values were observed,
suggesting a GMO-rich phase and a GMS-rich phase co-
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existing in the gel. While pure GMO has a 7,, of 36.8°C
(Table I), in the presence of GMS, the GMO-rich phase
exhibited a 7, of 38°C. Alternately, for pure GMS, a T, of
82.7°C was observed (Table I), while in the GMS-rich phase,
the 7, dropped to 71.8°C. The 7, values for the GMO-rich
and GMS-rich phases as a function of composition are shown
in Table I. Increasing the GMO content of the system resulted
in a decrease in the 7, of the p-form of the GMS-rich phase
by more than 30°C. On the other hand, the 7, of the GMO-
rich phase was found to be maximal around 75:25 wt%

Fig. 3 DSC thermogram of
GMO-GMS (50:50 wt%) matrix,
first heating, cooling back and
reheating.

14.80°C

55.34°C
3589°C 40.15°C

Heat Flow (W/g)

AN
RE
35.96°C
-2 T T T T T T T T T T
-40 20 0 20 40 60 80 100
Exo Up Tempa;awre (°C} Universal V2,5H TA Ing

@ Springer




3218

Mengesha et al.

Table I Phase Behavior of GMO-GMS Binary Mixture

GMO-GMS (Wt%) Peak T,

Peak T

Peak T, (second melting)

GMS-rich phase  New peak  GMO-rich phase

GMS-rich phase

GMO-rich phase  GMS-rich phase  GMO-rich phase

a-form  sub-al  sub-a2 a-form  sub-a

0 82.7 - NA 71.9 47.1 41.8 - 753 521 -

1.4 80.0 51.0 33.6 68.3 457 40.3 1.7 78.8 502 343
21.8 78.4 492 343 65.5 442 389 3.1 76.8 485 343
31.6 76.6 48.1 36.4 63.3 432 38.1 13.5 75.8 473 346
37.6 74.5 46.7 36.8 59.9 42.0 36.7 13.5 73.1 457 348
49.6 71.8 45.1 38.0 55.5 40.5 355 14.2 70.7 446 352
59.9 68.3 429 38.8 50.9 39.1 342 13.6 67.9 435 354
70.0 60.4 - 41.5 44,1 37.1 32.8 [4.1 63.8 - 35.8
75.0 55.7 - 424 37.8 - 30.7 15.0 60.5 - 38.6
79.8 52.9 - 40.5 36.4 - - 15.0 57.5 - 357
89.6 46.9 - 37.1 20.7 - - 13.5 - - 353
100 NA - 36.8 - - - 6.8 - - 35.0

Values are average of two measurements

GMO-GMS (Fig. 4). Of interest to this study is the
observation that the 7, of the GMO-rich phase (42.4°C)
was found to be very close to the target value for application
in a remotely-heated matrix. As the system concentration of
GMO decreased further, the 7,, of the GMO-phase
decreased only slightly. Upon cooling the 75:25 wt% GMO-
GMS matrix, the crystallization temperature, 7, of 37.8°C is
also very close to the target value for application to a remote-

heated matrix. Appearance of new peaks in the DSC
thermogram of 10-60% GMO in GMS blends (Table I)
may indicate the formation of new molecular rearrangements
of the monoglycerides. Figure 5 shows the phase diagram of
the binary blend of GMO and GMS based on the peak
melting temperature (7,,).

In applying a thermo-sensitive delivery system, it is
anticipated that i vwo the drug-containing matrix will
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Fig. 4 DSC thermogram of 10
GMO-GMS (75:25 wt%) mixture
showing a major melting peak
around 42°C and crystallization 05
peak at 37°C.
004
5
s
3 .05-
o
g
I
10+
154
=20 T
0 20

Exo Up

@ Springer

40 60 80 100
Temperature (°C) Universal V2 SHTA N



Thermo-Responsive GMO-GMS Mixtures

3219

85 |

75 GMO (L)-GMS (L)

T 65
3; GMO (L)-GMS (S) +
5 new crystal form (L)
% 55
§ o .
E B Mo ‘
2 % GMO (L)-GMS (5) + ﬂ‘)‘GMs{S
new crystal form (S) )
35
GMO (S)-GMS (S)
25

0 10 20 30 40 S0 60 70 80 90 100
Concentration of GMO (%)

Fig. 5 The phase diagram of GMO-GMS (0—100 wt%) matrices based on
the peak melting temperature (T ,).

undergo several cycles of heating followed by cooling back to
body temperature. To simulate this cycle, the samples were
heated a second time and melting temperatures, 7,,,, were
observed. The values in Table I show that the critical melting
point of the GMO-rich phase was again maximal at
75:25 wt% GMO-GMS, and that the values for 7,,, were
only slightly lower than those observed during the first heat
(T,). Further, the 7, values for the a-form of GMS
appeared to closely mirror the 7, values found during the
first heat. These results suggest that the melt characteristics of
the matrix will not vary significantly as the system is heated
and cooled repeatedly.

When deposited  viwo it is expected that the GMO-GMS
matrix will absorb water, although the extent to which is
unclear. The effect of hydration on the thermal response of
the matrices containing a 2.5%, 8% and 24% (w/w) water
content on GMO-GMS (1:3 weight ratio of lipids) were
examined (thermograms shown in Supplementary Material).
Compared to the anhydrous case, 7,, endotherms
showed a shift to 74.5°C, 71.4°C and 57°C, upon the
first heating cycle at 2.5%, 8% and 24% water content,
respectively. Upon the second heating, the major endothermic
peak was observed at 71°C, 65°C and 57°C for the 2.5%, 8%,
and 24% samples, respectively.

Additives, such as free oleic acid, have been shown to modify
the phase properties of GMO (reference). In separate
experiments it was observed that the inclusion of 0.5%
magnetic nanoparticles had no significant effect on the phase
properties of the anhydrous 75:25 wt% GMO-GMS matrix as
determined by DSC (data not shown). Since there is no free
oleic acid in the nanoparticle preparation, it may be that the
total amount of oleic acid bonded to the surface of the particles
is insufficient to influence the ordering of the matrix lipids.
These results are in agreement with those of Dilnawaz e al.
(27). In a second set of control experiments, DSC thermograms
were collected for anhydrous 75:25 wt% GMO-GMS matrices

containing drug. No evidence of melting of crystalline NF (m.p.
172°C) in drug-containing GMO-GMS matrices was observed
when subjected to multiple heat/cool cycles (data not shown).
From these results, it may be concluded that there were no
crystals of NI in the GMO-GMS matrices sufficiently large to
be detected by DSC.

In summary, the GMO-rich phase in the 75:25 wt%
mixture exhibited the appropriate 7,, 7, and T,
temperatures as outlined in the model presented in Fig. 2
and were considered suitable for further study.

Temperature-Dependent Nifedipine Release
from GMO-GMS Matrices

The wn vitro release of nifedipine (NF) from selected GMO-
GMS matrices into ACSF was studied at 37°C and 42°C.
Figure 6a shows the release of NF from GMO-GMS
(25:75 wt%), Fig. 6b the release from GMO-GMS
(50:50 wt%) and Fig. 6¢ the release from GMO-GMS
(75:25 wt%). For all three matrices studied, the release of
NF at 42°C was significantly higher than that at 37°C. For
example, the GMO-GMS (75:25 wt%) matrix released about
35% of NT in 10 days at 37°C whereas 96% release was
observed at 42°C within the same period of time. Further,
and of most importance to this study, was the observation that
the greatest difference in release between 37°C and 42°C was
observed with a GMO-GMS (75:25 wt%) matrix (Fig. 6¢). In
a control experiment with the Float-A-Lyzer containing a
nifedipine-saturated solution, transport equilibrium of the
drug was reached within 2 h at 37°C. When the nifedipine
concentration was reduced to 4 micrograms/mL, a value 30%
of saturation, transport equilibrium was reached within 2.5 h.
These rates of release were much faster than those observed
from any of the GMO-GMS matrices and suggested that
transport through the dialysis membrane was not the rate-
determining step for matrix release. In a separate control
experiment three dialysis membranes exposed simultancously
to a small volume of saturated solution of nifedipine in ACSF
for 48 h at 37°C showed no evidence of solute binding.

Remote Heating of the Monoglycerides Matrix
Containing Magnetic Nanoparticles upon Exposure
to an AMF

In the previous sections, the thermal and transport properties
of GMO-GMS mixtures were evaluated and the results
showed a temperature-dependent release of NI from the
matrices. In this section, the ability to remotely heat the
GMO-GMS matrices containing magnetic nanoparticles
and exposed to an AMF as illustrated in Fig. 1 were examined.

Oleic acid-modified iron oxide magnetic nanoparticles
(OA-Fe30,) were utilized for heating of the GMO-GMS
matrices upon exposure to AMF. The ability of OA-Fe;0,
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Fig. 6 Temperature dependentin vitro release of nifedipine from the monoglycerides matrix at 37°C and 42°C (a) GMO-GMS (25:75 wt%), (b) GMO-GMS

(50:50 wt9%) and (€) GMO-GMS (75:25 wi%).

to induce a temperature change in the GMO-GMS matrices
upon exposure to AMF was found to be dependent upon the
monoglycerides composition. Figure 7a shows the rise in
temperature of various GMO-GMS compositions containing
0.5% OA-Fe;0, and exposed to AMF for 10 min. As the
proportion of GMS increased, the matrix became more
resistant to heating. The GMO-GMS (25:75 wt%) matrix
containing 0.5% OA-Fe3O, was heated to 38.9°C in
10 min, whereas the GMO-GMS (75:25 wt%) matrix was
heated to 46.2°C during the same period of time. At present,
itis not clear if the dependence of heating rate on composition
is due to factors such as microscopic viscosity around the
nanoparticles or due to heat capacity effects of the lipid
matrix. No matter what the effect, it is clear that 10 min of
exposure to AMI was able to induce rapid and reproducible
temperature changes in the GMO-GMS matrices.

In order to optimize the amount of magnetic nanoparticles
required to heat the system, GMO-GMS (50:50 wt%o) matrix
containing various concentrations 0.25—-1.3% OA-Fe;Oy4
were exposed to AMF for 10 min. Figure 7b shows a
concentration dependent heating capability of the OA-

@ Springer

Fe30,4 exposed to AMF. A concentration of 1.3% OA-
Fe304 heated the GMO-GMS (50:50 wt%) matrix to
63.4°C within 10 min of AMF exposure. On the other hand,
0.25% and 0.5% OA-Fe3O, were able to heat the matrix to
41.6°C and 45.5°C, respectively. Based on the results, 0.5%
OA-Fe;0,4 was sclected as an optimum amount needed to
induce the phase transition of the matrix. Moreover, five
minutes of exposure to AMF was sufficient to reach the
required temperature .

AMF-Triggered Nifedipine Release from GMO-GMS
(75:25 wt%) Matrix Containing 0.5% OA-Fe;O,
Nanoparticles

NF release from a GMO-GMS (75:25 wt%) mixture
containing 0.5% OA-Fe;O,4 nanoparticles and NF and heated
by AMF (Fig. 1) was examined. Samples of ASCI were
analyzed for NF 2 h prior to and 2 h following a 5 min
AMF exposure. The cumulative NF release from the GMO-
GMS (75:25 wt%) matrix is plotted in Fig. 8. When AMF was
applied (arrows in Fig. 8), the matrix underwent a phase
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Fig. 7 Remote heating of the a -
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OA-Fe304 nanoparticles using AMF
(a) Effect of the monoglycerides e
matrix composition on remote
heating. The concentration of the
OA-Fe304 nanoparticles was kept i=)
constant at 0.5 wt% and (b) Effect E’
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transition and a corresponding burst of NI release was
100 observed. When the AMF is removed, NF release was
reduced, putatively because the monoglycerides matrix
e = recrystallized when the system returned to 37°C. Hence,
E 60 release can be accelerated by the application of AMF and
° can result in a stepwise, on-demand release pattern.
e
S 40
=
a
20 DISCUSSION
00 5 5 5 3 p Lipid-based systems continue to be of great interest to the field
T T T of drug delivery and a variety of products for oral, parenteral
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Fig. 8 Alternating magnetic field (AMF) triggered in vitro release of nifedipine from
GMO-GMS (75:25 wt9%) matrix. The arrows indicate the exposure of the matrix
to AMFfor 5 minutes. Samples were analyzed 2 h before and after AMF exposure.

of lipids in water as emulsions, microemulsions, liposomes,
and several cubic phases have garnered the most interest as
drug delivery systems (28-31). Solubilization of poorly soluble
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drugs and adaptation to modified release are two of several
important advantages of lipid-based drug delivery systems
(29,30). GMO has been studied for drug delivery as a depot
matrix (32,33). As a dispersion in water GMO is able to form a
variety of phase nanostructures, and thus solubilize a wide
variety of molecules, both hydrophobic and hydrophilic
(28,33). However, as a depot system, GMO seems to exhibit
a limited ability to extend the release of the drug (29). In
addition, the gel state of GMO often exhibits somewhat poor
syringability, making for difficult parenteral administration
(82,34).

In the present study, mixtures of GMO, GMS, and OA-
Fe;O4 nanomagnets are examined . vitro as a matrix for the
thermo-triggered release of a model hydrophobic drug. It is
envisioned that a lipid matrix, contain a hydrophobic drug of
interest and magnetic nanoparticles, would be inserted i vwo,
such as in a cavity remaining after surgical resection of a
tumor. The two biocompatible lipids individually have well-
defined thermal properties and it is hypothesized that
mixtures would provide the desired drug release properties
in a rather narrow range of temperatures. The lipid matrix
would melt upon application of an AMF, releasing the drug
locally (24,27). In our studies, we have arbitrarily set this
temperature to be no greater than 42°C, a value just above
that of body temperature. Removing the AMF would permit
the gel to solidify by returning to body temperature, greatly
reducing the rate of drug release.

Ferromagnetic-assisted site-specific drug delivery and
imaging have been the subject of extensive research (35—40).
OA-Fe;04 nanomagnets naturally resist movement in the
rapidly alternating magnetic field within an inductive coil
and the resulting friction produces hysteresis heating in
addition to eddy current heating. Much of the work
concerning nanomagnets has employed biocompatible
thermo-responsive polymers as the drug delivery platform
with only a few examples of application to lipid vesicles
(41,42). OA-Fe30, nanoparticles employed in the current
study exhibit a core-shell structure consisting of a mono- or
multi-crystalline magnetic iron oxide and coated with a
biocompatible fatty acid. The coating is essential to enhance
miscibility of the OA-Fe;O4 nanoparticles in the
monoglyceride matrix and to localize the magnetic
nanoparticles in the long-chain non-polar region. Moreover,
the process of coating alters the surface properties of the
magnetic nanoparticles, reduces aggregation and improves
colloidal stability (43).

Monoglycerides such as GMO are known to produce a
wide-range of phase structures when in contact with water,
including a variety of cubic phases. The influence of these
phase properties on the characteristics of lipid-based drug
delivery systems as dispersed nanoparticles has been
frequently observed (28,29). The extent to which mixing of
monoglycerides influences phase behavior and drug release is

@ Springer

much less studied. In the current study, the DSC
thermograms suggest the existence of two solid phases, one
rich in GMO and the other rich in GMS. It is not yet possible
to predict the phase properties when two or more lipids are
mixed and, to our knowledge, there are no published studies
examining the phase(s) present in GMO/GMS blends. It
should be noted that DSC studies alone are not sufficient to
provide a full picture of the extent of mixing of mixtures of
GMO and GMS in the presence of water. Clogston et al. (44)
have published a phase diagram of Myverol 18-99 K, a
mixture of monoglycerides, including GMO (86% by weight)
and GMS (7% by weight). These investigators concluded that
their results were rather similar to the phase diagram reported
by Qiu et al. (45) for pure GMO. In the current study, the
concentrations of GMS relative to those of GMO are much
higher than that of Myverol 18-99 K, so it is unlikely that a
direct paralleling of properties would be expected. Returning
to the phase diagram of Qiu (45), in the temperature range of
37 to 45°C at 8% water, GMO is in the L, phase whereas at
24% water, the system is in La3d. In the presence of excess
water, the results of Qiu indicated the system 1s Pn3m+water.
The extent to which the GMO/GMS mixtures in the present
study conform to the results of Qiu et al. are not known.
Chong et al. (46) evaluated the effect of a variety of
polyethylene oxide stearates (PEO,-stearate) on the physical
stability of cubic GMO nanodispersions. These authors report
that short-chain PEOx-stearates exhibited increased
internalization within the nanostructure, resulting in a change
in the mesostructure from V" to V. Longer PEO,-stearates
were excluded from the internal structure. In the present
study, GMS, which contains no polyethylene oxide, would
likely have access to the internal structure of a putative cubic
phase. As stated previously, the phase behavior of GMO-
GMS mixtures has not been published, so the issue of the
state of mixing of these two lipids is not yet settled. In a
somewhat related study, Rodriguez, ¢t al. (47) showed that
GMO-GMS monolayer mixtures were poorly-miscible at the
air-water interface. They observed “islands” of GMS
dispersed within a “sea” of GMO.

While it may be argued that there is little direct
applicability of monolayer studies to mixing in cubic phases,
the results listed above do suggest that further studies of the
mixing behavior of these two lipids are warranted. Better
understanding of the mixing properties in the presence and
absence of water would provide improved insight into the
drug release characteristics and ultimately aid scientists in
rapidly selecting optimal formulations.

CONCLUSIONS

This work demonstrates the feasibility of controlled and
triggered NF release from GMO-GMS (75:25 wt%) matrix
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containing 0.5% oleic acid-modified FesO, nanoparticles for

the remotely heating using an alternating magnetic field

as

an external stimulus. The DSC and the w vitro NF

release studies at 37°C and 42°C as well as the AMF triggered
release support the hypothesis that appropriate blends of
monoglycerides can be utilized for thermo-sensitive drug
delivery system.
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