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Abstract

Controlled drug release has been received greatest attention worldwide,
especially stimuli-responsive- or targeted-drug-delivery systems. In order to
accelerate the response of an adaptive gel to stimuli, the use of magnetic field
sensitive gels as a new type of actuator has been developed in our preliminary
study by direct current (DC) magnetic fields. Magnetic-sensitive polymer is
superior to that traditional stimuli response polymer, such as pH or thermal
sensitive polymer, because magnetic stimulation is an action-at-distance force
(non-contact force) which is easier t0 adapting to biomedical devices. The
magneto-elastic properties of ferrogels could be applicable to a variety of fields as

a new driving mechanism.

The firt part in this paper is focused on the direct current (DC) magnetic field
to control drug release on the ferrogel. The “closure”configuration, which means
the pore size of ferrogel would decrease to obstruct the drug to pass through,
would take place with the pearl-chain structure formation while DC magnetic field
was applied. However, the accumulated drug was spurt (bursting effect) to the
environment instantly when the magnetic fields instantly switched “off’. Some
factors of the ferrogel would be investigated, ex. ratio of inorganic (iron oxide) and
organic (polymer), the size of iron oxide nanoparticles, porosity, magnetization,

and crosslinking degree to achieve the optimum magnetic-sensitive behavior.

To increase the degree of stimuli-responsive in magnetic fields, core
(magnet)-shell (Pluronics®)-typed magnetic nanoparticles (drug-carriers), which

combined the thermal and magnetic sensitive properties; therefore,



dual-functional drug-carriers would be developed by in-situ co-precipitation
process. Furthermore, drug-delivery rate at on-off operation of AC magnetic fields
(hyperthermia effects) and the conditions of killing-tumor cells also would be
observed. Some characterizations would be investigated using transmission
electron microscope (TEM), X-ray diffraction (XRD), Raman spectrometry, X-ray
photoelectron spectroscope (XPS), and vibrating sample magnetometer (VSM).
The critical micellization temperature (CMT) or lower critical solution temperatures
(LCST) would be measured by dynamic light scattering (DLS) or a differential
scanning calorimeter (DSC). When the arising temperature of drug-carriers is
higher than CMT, the drugs can be burst from the drug-carriers by the volume

compressed.

In order to in vivo test in the future, some biocompatibility test, including
cytotoxicity would be evaluated. In addition, the magnetic nanoparticles still
provides some advantages, such as using magnetic resonance image (MRI)
techniques for cell-tracking and grafted probe-proteins (such as biotin or antibody)
onto magnetic nanoparticles for “target” drug delivery, as well as the magnetic
materials could be “recycle” used and-separating cells by magnet catching.
Therefore, the magnetic drug-carriers (ferrogel) are able to be triggered by
thermal and magnetic changes, and especially put emphasis on “target”
drug-delivery and the conditions of killing tumor-cells, as well as cell-tracking by

MRI, or others detecting technique also would be aniticipated.

Keywords: Iron oxide, ferrogel, magnetic sensitive behavior, thermal sensitive
behavior, drug controlled release
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Chapter 1
Introduction

Controlled drug release has received greatest attention worldwide since the past
few decades because it revolutionizes the use of a given active drug with a
therapeutically smarter, more effective, and more patient-wide compliant manner to
treat diseases [Qiu, 2001; Miyata, 2002; Weissleder, 1995]. With the advancement
and understanding of materials technology up-to-date, a number of methods have
been successfully proposed to integrate an active drug molecule and a host materials,
which in the past where a physical blend between drug (powder) and a polymeric
binder is prepared for administration, with a delicate consideration of how the host
matrix can be designed to regulate the release of drug in a controllable manner.
Preparation of a drug delivery system is highly challenging with respect to the nature
of drug to be incorporated, the physical, chemical, and biological property of host
matrix, the profile of release, and ultimate bioavailability for the drug to target the sites
of disease. In tradition, a polymeric host can be.designed with a property suitable to
properly anchor either physically or chemically with-a given drug molecules, wherein
the drug molecules are physically encapsulated into the host, and a subsequently
release of the drug can be achieved via diffusion of drug, degradation of the host, and
a combination thereof after the drug delivery system is administrated into patient’s
body.

At present there are several adaptive (smart, intelligent) materials that can
actuate or alter their properties in response to a changing environment. Among them
mechanical actuators has been the subject of much investigation in recent years
[Deng, 2003; Kim, 2002; Fernandes, 2003; Xulu, 2003; Zrinyi, 2000 & 1998]. They
undergo a controllable change of shape due to some physical effects and can convert
energy (electrical, thermal, chemical) directly to mechanical energy. This can be used
to do work against load. Certain polymer gels represent one class of actuators that
have the unique ability to change elastic and swelling properties in a reversible
manner. These wet and soft materials offer lifelike capabilities for the future direction
of technological development. Volume phase transition in response to infinitesimal

change of external stimuli like pH, temperature, solvent composition, electric field, and
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light has been observed in various gels. Their application in devices such as actuators,
sensors, separators artificial muscles, and controlled delivery systems has been

suggested and are in progress.

Attempts at developing stimuli-responsive gels for technological purposes are
complicated by the fact that structural changes, like shape and swelling degree
changes that occur, are kinetically restricted by the collective diffusion of chains and
the friction between the polymer network and the swelling agent. This disadvantage
often hinders the effort of designing optimal gels for different applications. In order to
accelerate the response of an adaptive gel to stimuli, the use of magnetic field
sensitive gels as a new type of actuator has been developed. Furthermore, this
magnetic-sensitive polymer is even superior to that traditional stimuli response
polymer, such as pH or thermal sensitive polymer, because magnetic stimulation is an
action-at-distance force (non-contact force) which is easier to adapting to biomedical
devices. The magneto-elastic properties of ferrogels could be applicable to a variety

of fields as a new driving mechanism:

For the purpose to control release by magnetic field, this thesis was mianly
categorized two parts: Chapter 4, 5 and 6 foucus on the controlled release by direct
current (DC) magnetic fields and the'material-is gelatin (biodegradable polymer) in the
Chapter 4; PVA (non-biodegradable polymer) in the Chapter 5 and 6. The mechanism
in the DC magnetic fields controlled is the “closure’configuration with the pearl-chain
structure formation while the field was applied. However, the accumulated drug was
spurt to the environment instantly when the magnetic fields instantly switched “off”.
Another part (Chapter 7, 8, 9 and 10) emphasized on controlled release by alternating
current (AC) magnetic field and the material is belong to thermal sensitive polymer
(Pluronic® F127 and F68). The mechanism in the AC magnetic fields controlled is the
“bursting”effect, which is subjecting to a rapid conformational change as the magnetic
phase being heated rapidly in the presence of high frequency magnetic field (HFMF)
and a subsequent heat transfer to the shell, causing the considerable elastic volume

shrinkage, resulting in a burst release of a model drug.

Briftly, Chapter 4 describes the magnetic hydrogels were successfully fabricated

by mixing gelatin hydrogels and Fe3zO4 nanoparticles (ca. 40-60 nm) through
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chemically-cross-linked process using genipin (GP). The cross-sectional SEM
observation demonstrates that the Fe3;O4 nanoparticles were fairly uniformly
distributed in gelatin hydrogels. Moreover, the in vitro release data reveal that it is able
to control drug release profile of the resulting hydrogels by switching “on” or “off” mode
of a given magnetic field. While applying magnetic fields to the magnetic hydrogels
the release rate of vitamin B4, of the hydrogels decreased considerably, comparing to
those while switching off the field, suggesting a “closure” configuration of the
hydrogels as a result of the aggregation of Fe;O4 nanoparticles. Based on this
mechanism, a smart magnetic hydrogels can be potentially developed as drug

delivery system and also used for the application of biomedical devices.

Besides, in order to increase the drug loading (%), magnetic sponge-like
hydrogels (ferrosponges) were fabricated by using an in-situ synthesis of magnetic
nanoparticles (MNPs) in the presence of various concentrations of gelatin. The
resulting ferrosponges show an interconnected:nanopore structure which serves as a
reservoir to accommodate therapeutic| drugs “and the nanoporous networks
demonstrate magnetic sensitive:behavior under the application of a given magnetic
field. The ferrosponges showed high swelling-ratios, together with excellent elasticity
and hydrophilicity, allow them to response rapidly to an external magnetic stimulation
for fast and repeatable swelling-deswelling (or expansion-contractile) operations. The
ferrosponges with lower gelatin concentration exhibited good performance on
magnetification. Furthermore, drug release from the ferrosponges is relatively
magnetic-sensitive and is dominated by its magnetism and associated interaction
between the magnetic nanoparticle and the gelatin matrix under an external magnetic
field. Higher MNPs concentration in the ferrosponges exhibited higher degree of
magnetic sensitive which is due to stronger interparticle forces. By taking these
peculiar magnetic sensitive behaviors of the ferrosponges, a novel drug delivery

system can be designed for practical clinical uses.

Chapter 5 illustrates an intelligent magnetic hydrogel (ferrogel) was fabricated by
mixing polyvinyl alcohol (PVA) hydrogels and Fe3zOs magnetic particles through
freezing-thawing cycle. While the external direct current magnetic field was applied

to the ferrogel, the drug was accumulated around the ferrogel, but the accumulated



drug was spurt to the environment instantly when the magnetic fields instantly
switched “off”. Furthermore, rapid to slow drug release can be tunable while the
magnetic field was switched from “off” to “on” mode. The drug release behavior from
the ferrogel is strongly dominated by the particle size of Fe3O4 under a given magnetic
field. The best “magnetic-sensitive effects” are observed for the ferrogels with larger
Fes04 particle due to its stronger saturation magnetization and smaller coercive force.
Furthermore, the amount of drug release can be controlled by fine-tuning of the
switching duration time (SDT) through an externally controllable on-off operation in a
given magnetic field. It was demonstrated that the highest burst drug amounts and
best “closure” configuration of the ferrogel were observed for the SDT of 10 min and 5
min, respectively. By taking these peculiar magnetic-sensitive characteristics of the
novel ferrogels currently synthesized, it is highly expected to have a controllable or

programmable drug release profile that can be designed for practical clinical needs.

To be continuted, in Chapter 6, the influence of the constituting components, i.e.,
FesO4 and PVA, on the magneticssensitive ‘behavior of the ferrogels was
systematically investigated in terms of permeability coefficient (P), partition coefficient
(H), space restriction and magnetization:-The-results show that, the P value in these
ferrogels decreases and displays®a.magnetic: sensitivity when it is subjected to
magnetic field (MF), which is correlated with the change of H value. In addition, it was
found that although the factor of space restriction or magnetization exerts opposite
effect on resulting magnetic sensitive behavior, the superior magnetic-sensitive
behavior was observed for the ferrogels with an optimal composition of 17-34% Fe304
and 10-12.5% PVA, and can be well correlated with theoretical calculation from the
critical parameters of available free volume (Vsee) per nanoparticle and magnetization.
A map of magnetic sensitive behavior was constructed, where a region with relatively
stable and highly stimuli-responsive behavior in terms of the concentration of Fe;O4
was observed, however, below or above the “saturation” region (17-34% Fe30,4), a
reduction in the magnetic sensitive behavior was detected. The resulting ferrogels can
be engineered with a precise control of the opening and closure of pore configuration,
which allows a burst release or no-release action of therapeutically active agent to be

controlled externally and magnetically. This suggests this type of ferrogel can be



considered as a class of novel magnetically-tunable drug delivery system.

In Chapter 7, thermal-sensitive ferrofluids (F127-ferrofluids) consisting of
core-shell-type magnetic nanoparticles dispersed in Pluronic F127-containing
aqueous solution were prepared. The core (magnet)-shell (Pluronic F127)
nanoparticles were synthesized by in-situ co-precipitation process, which were
characterized using transmission electron microscope, X-ray diffraction and vibrating
sample magnetometer. The F127-ferrofluids gelled above the lower critical solution
temperatures (LCST) of approximately 23-28°C which was higher than that of pure
Pluronic F127-fluids (21-25°C). The increase in the LCST of the F127-ferrofluids may
be attributed as a result of a physical interaction between the F127 molecules and the
core-shell magnetic nanopatrticles.

Chapter 8 demonstrated Novel dual-functional nanospheres composed of
magnetic iron oxide nanoparticles embedded in a thermo-sensitive Pluronic® F127
(F127) matrix were successfully synthesized.by-an in-situ co-precipitation process.
The nanospheres were characterized by X-ray diffraction, transmission electron
microscopy, X-ray photoelectron i spectroscopy and Raman spectroscopy.
Experimental observations indicated that the F127 was subjected to a rapid structural
change when the magnetic phase caused rapid heating after a short exposure to a
high-frequency magnetic field (HFMF). During the field duration, considerable
volume shrinkage of the nanospheres, 2.3-fold diameter reduction, was detected. This
has been translated to an instantaneous release of a drug, Doxorubicin (DOX), when
the DOX was encapsulated within the nanospheres. Such a rapidly responsive
release of the DOX from the nanospheres was due to an intimate contact between the
nanomagnet and F127, where an effective thermal and mechanical transfer between
core and shell phases was efficiently taking place in the presence of the magnetic
field.

In summary, the dual-functional drug-carriers is able to be triggered by thermal

and magnetic changes, and especially put emphasis on “target” drug-delivery by

grafting target protein and killing tumor-cells by inductive heating and drug delivery, as
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well as cell-tracking by MRI, or others detecting technique also would be evaluated,

shown in Fig. 1.1

Thermo-Sensitive Hydrogels (F127)
Drug Bursting to
Kill Tumor Cells

Probe-Proteins

Drugs

Hyperthermia

High Temp.
(F127 compressed)

T

T

Heating to Kill
Tumor Cells

Tumor Cells

Fig. 1.1 Diagram of dual-functional.(thermo/magnetic) drug-carriers test

In addition, Chapter 9 describes Magnetic nanocomposites (iron oxide)
accompanying temperature responsive-hydrogels (activated Pluronic® F127 and F68)
used to fabricate the drug carrier (nanocapsules)for remote controlled drug delivery
have been successfully synthesized by double emulsion and in-situ precipitation
process. The relationship of the nanocapsules particle size and activated Pluronic®
concentration would be investigated by dynamic light scattering. The change of
thermo response behavior of Pluronic®, ex. critical micellization temperature (CMT)
modified by activated and cross-linked and the effect between the formation of iron
oxide nanoparticles (combination of Fe3O4 and iron carbonyl phase crystal) and
Pluronic® content would be characterized in this paper. The results show that the
particle size of Pluronic® nanocapsules reduces with Pluronic® concentration
increase, and it displays the saturated concentration at the 0.1g/ml Pluronic® addition.
CMT of nanocapsules would left shift about 4°C after 4-Nitrophenyl chloroformate
(NPC) activating, right shift 1°C to after partially cross-linking by gelatin, but almost no
obvious change after fully cross-linking by EDC and encapsulating iron oxide

nanoparticles. In addition, high frequency magnetic field (HFMF) was used to trigger



the drug release from the nano ferrocapsules. Experimental observations indicated
that Pluronic® shell is subjecting to a rapid conformational change as the magnetic
nanoparticles being heated rapidly in the presence of HFMF and a subsequent heat
transfer to the shell, causing considerable elastic volume shrinkage, resulting in a
squeezing release of a model drug (vitamin B12). The synthesized Pluronic® F68 nano
ferrocapsules exhibited a 2.6-fold diameter reduction from 20°C to 45°C, and drug
burst release in the HFMF (5-mins operation, ca. 45°C) exhibited 20 times higher than
that in the incubation at 45°C water bath (natural release). The rapidly responsive
release from the dual-functional nanocapsules is due to intimate contacts between the
magnetic nanoparticles core and Pluronic® shell, where an effective thermal and

mechanical transfer between core and shell phases was efficiently taking place.

In Chapter 10, the simple trial to combine ferrofluids (Chapter 7) and
ferrocapsules (Chapter 9) and then coat on the Si substrate to develop an intelligent
magnetic/thermal drug release system'orbiochip. Fluorescence dye was released just
in the presence of HFMF. It is very potential 1o use magnetic force as a driving force to

control drug release and we believed that it would bé exploited in the future decade.



Chapter 2
Literature Review and Theory

2.1 Hydrogels in Biomedicine

Hydrogels that exhibit both liquid-like and solid-like behavior have a variety of
functional properties, such ad swelling, mechanical, permeation, surface and optical
properties [Qiu, 2001]. Such properties have provided man potential applications of
hydrogels in fields such as drug controlled release and biotechnogy. In addition,
hydrogels are the center of research emphasis in nanotechnology because of their
perceived “intelligence”. They can be used as thin films, scaffolds, or nanoparticles in
a wide range of biomedical and biological applications. Some recent developments in
engineering uncrosslinked and crosslinked hydrogel (e.g., (1) natural, (2) synthetic
polymers and (3) responsive hydrogel),[Peppas, 2006] for these applications were

briefly introduced in this section.
2.1.1 Biological Hydrogels

In general, hydrogels from natural'sources can be derived from polymers such as
gelatin (or collagen), hyaluronic acid (HA), fibrin, alginate, agarose, and chitosan
[Peppas, 2006; Lee, 2001]. Depending on their origin and composition, various
natural polymers have specific utilities and properties. Many natural polymers, such
as collagen, hyaluronic acid, and fibrin, are derived from various components of the
mammalian extracellular matrix. Gelatin (or collagen) is the main protein of the
mammalian extracellular matrix, while HA is a polysaccharide that is found in nearly all
animal tissues. Alternatively, alginate and agarose are polysaccharides that are
derived from marine algae sources. The advantages of natural polymers include low
toxicity and biocompatibility. Gelatin (or collagen), a protein, triple helix structure (Fig.
2.1) and other mammalian-derived protein-based polymers are effective matrices for
cellular growth because they contain many cell-signaling domains present in the in
vivo extracellular matrix. Gelatin (or collagen) gels can be created through natural
means without chemical modifications. However, in many cases these gels are

mechanically weak.
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Fig. 2.1 Chemical structure of gelatin (triple helix structure) [Crescenzi, 2002,
Wikipedia]

To synthesize gels with enhanced mechanical properties, various methods have
been developed such as chemical crosslinking [Lee, 2001&2003], crosslinking with
UV or temperature, [Lee, 2001; Schoof, 2001] or mixing with other polymeric agents
[Lee, 2001; Chen, 2000]. Among of them, genipin (Fig.2.2), the active compound
found in the gardenia fruit extract, which is used in traditional Chinese medicine to
relieve the symptoms of type 2 diabetes;ris_an excellent natural cross-linker for
proteins, collagen, gelatin, and chitosan eross-linking. It has a low acute toxicity, with
LDs i.v. 382 mg/kg in mice, therefore, much.less toxic than glutaraldehyde and many
other commonly used synthetic .cross-linking' -regents. It is also used for

pharmaceutical purposes, such ascholeretic action for liver diseases control.

"OCH;

Fig. 2.2 Chemical structure of genipin [Extracted from wikipedia]

2.1.2 Synthetic Hydrogels

Polymer networks can be synthesized using various chemical methods (e.g.,
photo- and thermal-initiated polymerization) and physical methods (e.qg.
frezzing-thawing methods). The polymer engineer can design and synthesize polymer

networks with molecular-scale control over structure such as crosslinking density and



with tailored properties, such as biodegradation, mechanical strength, and chemical
and biological response to stimuli [Peppas, 2006; Lee, 2001]. Neutral synthetic
polymers can be generated from derivatives of poly(hydroxyethyl methacrylate)
(PHEMA), poly-(ethylene glycol) (PEG), and poly(vinyl alcohol) (PVA) (Fig. 2.3). PVA
hydrogels are one of the most widely studied and used materials for biomedical
applications [Hassan, 2000]. PVA hydrogels are stable and elastic gels that can be
formed by the physically crosslinked (repeated freezing and thawing process) or
chemically crosslinked [Nuttelman, 2001]. PVA must be crosslinked in order to be
useful for a wide variety of applications, specifically in the areas of medicine and
pharmaceutical sciences. Some of the common crosslinking agents (chemical
crosslinking) that have been used for PVA hydrogel preparation include
glutaraldehyde, acetaldehyde, formaldehyde, and other monoaldehydes. When these
crosslinking agents are used in the presence of sulfuric acid, acetic acid, or methanol,
acetal bridges form between the pendent hydroxyl groups of the PVA chains. As with
any crosslinking agent, however, residual@amounts are present in the ensuing PVA gel.
It becomes extremely undesirable to perform -the time-consuming extraction
procedures in order to remove this residue.-lf the residue is not removed, the gel is
unacceptable for biomedical or pharmaceutical applications because, if it were placed
directly in the body, the release of this toxic residue would have obvious undesirable
effects. However, the physically crosslinked versions (freezing and thawing process)
of PVA hydrogels are biodegradable, and thus can be used for various biomedical
applications [Martens, 2003; Wan, 2002; Mandal, 2002; Shaheen, 2002]. This method
has advantages over the use of chemical crosslinking agents as they do not leave
behind toxic, elutable agents. In addition, photocrosslinkable PVA hydrogels have

been synthesized that facilitate cell adhesion in tissue-engineering applications.
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Fig. 2.3 Representative chemical structures of synthetic neutral polymers
[Peppas, 2006]

2.1.3 Responsive Hydrogel Systems

By tailoring their molecular structure, polymer networks can be created that
interact with their environment in a preprogrammed and intelligent manner.
Environmentally responsive hydrogels have been synthesized that are capable of
sensing and responding to changes to;external stimuli, such as changes to pH and
temperature. Temperature-responsive hydrogels are one of the most widely studied
responsive hydrogel systems. These systems,- which are mostly based on
poly(N-isopropylacrylamide) (PNIPAAm)and“its derivatives, undergo a reversible
volume phase transition with a ‘change in the.temperature of the environmental
conditions. This type of behavior is related to polymer phase separation as the
temperature is raised to a critical value known as the lower critical solution
temperature (LCST). Networks showing a lower critical miscibility temperature tend to
shrink or collapse as the temperature is increased above the LCST, and the gels swell
upon lowering the temperature below the LCST. For example, PNIPAAmM exhibits a
LCST around 33°C. PNIPAAm and other thermosensitive hydrogels have been
studied for variety of applications, including drug delivery and tissue engineering

[Jeong, 2002; Sershen, 2003].

Another major polymer is tri-block copolymers composed of poly (ethylene
oxide)-poly (propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEQ) are a kind of
temperature-sensitive polymers, and they also demonstrate reversible solution
transition behaviors in aqueous solution [Bromberg, 2003 & 2004; Csetneki, 2006]. It

is nontoxic, non-immunogenic, and approved by the US Food and Drug
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Administration (FDA) for various clinical uses. Because of the nontoxic (little residual
toxity was found in the PNIPAAm) and their LCST (or called critical micellization
temperature, CMT) phenomenon at around the body temperature, they have been
used widely in the development of controlled drug delivery systems based on the
sol-gel phase coversion at the body temperature. The mechanism of the temperature

change for Pluronics® was described in Fig. 2.4-(a).

In addition, a large number of PEO-PPO block coplymers are commercially
available under the name of Pluronics® (or Poloxamers®) and Tetronics® [Qiu, 2001].

Their structures are shown in Fig. 2.4-(b)

(a) T<CMT T>CMT

(b) Unassociated Intraparticle Micelle
PEO-PPO-PEO
(|;113
Pluronic ® HO—¢CH; CH20¥;€C H,CHO} A CH, CH,0)~H PEO-PPO-PEO
ﬁ:HJ- (—FHR
Pluronic ® R HO—{CH; CHO}>—~CH2CH, 0%~ CH,CHO}—H PPO-PEO-PPO
CH3 CHs

1 |
H—OCH,C HZ)TEOCHC Hz) N /(CHzC HO}—{CH,CH,O}—H

Tetronic ® /NCHz(JHzN\\
H—(()CIIQCHQ}FGOCHCHg)X (CTHZ(FI!D)X——{CHZCHZD)TH
"Ha CHa
PEO-PPO PPO-PEQ
PEO-PPO: :PPO—PED
(FH:\ CH3
. I
H—OCHCH}—€OCH,CH;) CHCH,0—CH-CHO}»—H
Tetronic ® R ¥ : J:\\"NC[_13‘;:[-]21\‘]/ R z )y_
H— (_)(!:I'ICI'I::};-—(OC H,C Hz):/ NCHC H,0—{(C Hz(I: HO}y—H
CHs; CHs

PPO-PEO PEO-PPO
PPO-PEO >_<PEO— PPO

Fig. 2.4 (a) Thermal sensitive behavior of Pluronic® gel; (b) Polymer structures
of Pluronic®, Pluronic® R, Tetronic® and Tetronic® R [Bromberg, Int. J.
Pharm., 2004; Qiu, 2001]
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2.2 Fabrication of the hydrogel for drug carriers

A number of different techniques are available to prepare the hydrogel for drug
carriers, such as free-radical polymerization, chemical crosslinking, phase inversion,
lyophilization (freeze-drying) process, freezing and thawing process, and emulsion
techniques. In particular, (1) lyophilization (freeze-drying) process, (2) freezing and
thawing process and (3) emulsion techniques were used in this study and would be

introduced detail in this section.
2.2.1 Lyophilization (frezze-drying) process

In the lyophilization (or freeze drying) process, materials are frozen prior to the
sublimation of the ice in a freeze drying apparatus. The growing ice crystals during
freezing create the pores inside a three-dimensional sample and the subsequent

sublimation of the crystals leaves athree-dimensional porous scaffold (see Fig. 2.5).

I. Synthesis of crosslinked hydrogels

1
Crosslinking A ﬁ\
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o

Swelling by
rinsing and washing
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Fig. 2.5 Schematic representation of the freeze drying process and morphology
of structure of scaffolds by SEM [Kang, 1999]
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Kang et al. were able to influence the pore size of three-dimensional freeze dried
gelatin samples by adjusting the temperature of freezing prior to the lyophilization
process. They found that as the freezing temperature was lowered, the compactness
of the freeze dried samples increased. At -20°C the pore size of the samples was
around 250-300 um and the wall thickness was thin, which resulted in a weak and
brittle scaffold. As the freezing temperature was lowered to -80°C and -196°C a
scaffold was created with smaller pore size (45-50 um) and thicker walls. This resulted
in a more elastic material. The difference in pore size and inner structure of the
hydrogels reflects the differences in heat transfer rates during the freezing process of
the hydrogel [Kang, 1999]. It is possible that at a higher freezing temperature, the
number of nuclei of ice crystallization initially formed is smaller than that at a lower
freezing temperature, leading to an increased final size of ice crystals. Since the
larger ice crystals push to expand the hydrogel chains to a greater extent, the pore
size of hydrogels will be increased, while the: structure undergoes destruction. Rapid
cooling causes formation of many nuclei‘of ice crystals, resulting in the formation of
smaller-sized pores. In the final stage, frozen'materials are dried by sublimation of ice
crystals under vacuum at a temperature below freezing. It is possible to influence the
orientation of the pores by subjecting the samples to a temperature gradient.
According to Kang et al. this gradient can only be created during fast cooling methods,
for example liquid nitrogen and -80°C. The lower the freezing temperature, the more

oriented the pore structure will be [Kang, 1999] (see Fig. 2.6).

iy
11l R

Fig. 2.6 Different degrees of orientation during freeze drying. From left to right:

-196°C, -80°C, and -20°C [Kang, 1999]
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2.2.2 Freezing and thawing process [Hatakeyema, 2005]

As shown in schematic illustration (Fig. 2.7), the molecular motion of PVA
segments in the solution (Fig. 2.7-(a)) ceases when water freezes. With decreasing
temperature, size of ice increases (Fig. 2.7-(b)) and the hydroxyl groups of PVA
molecules participate in hydrogen bonding. Loose crosslinking networks are formed in
the first freezing and thawing cycles (Fig. 2.7-(c)). In the network, the polymer chains
are restricted to limited regions because of the presence of permanent elastic
constraints and the segment exhibits limited thermal fluctuation around fixed average
positions. On this account, the number of crosslinking points increases and molecular
chains aggregate with increasing freezing and thawing cycles. The cell walls of PVA
hydrogels become thicker with increasing freezing and thawing cycles.
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Fig. 2.7 Schematic illustration of gel formation by freezing and thawing
[Hatakeyema, 2005]

2.2.3 Doulbe emulsion Technique

[extracted by http://www.research.ucla.edu/tech/ucla07-574.htm (UCLA)]

Simple emulsions are dispersions of droplets of one liquid phase in another
immiscible liquid phase. The most common are oil-in-water (O/W) or water-in-oil (W/O)
emulsions that typically have microscale diameters. Double emulsions are more

complex emulsions that consist of droplets within droplets, such as

water-in-oil-in-water (W1/O/W5). The two primary means of creating double emulsions
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are structured microfluidic methods and sequential emulsification. Microfluidic
methods are capable of producing highly uniform W/O/W emulsions, but it is a
low-throughput process. A W/O/W double emulsion (see Fig. 2.8) created by
sequential emulsification must be size-fractionated to achieve uniform monodisperse
droplets, but fractionation is also a low-throughput process. Most double emulsions
rely on two surfactants for stability, not a single surfactant that can stabilize both inner
and outer droplets. Little existing double emulsification methods have so far been
successful in creating nanoscale double emulsions in which both the inner and outer

droplets are both sub-100 nm just using a single type of surfactant.

However, the invention utilizes novel amphiphilic diblock copolypeptides (such as
Pluronic®, PEO-PPO-PEO) that function as surfactants to stabilize stable double
emulsions that can be formed using a variety of mixing methods using a single
interfacial agent that is not biased against complex droplet topologies. An additional
innovation is that both the inner aqueoeus droplets and outer oil droplets can be formed

with diameters as small as tens of nanometers.

Fig. 2.8 Scheme showing the formation of phospholipids vesicle from double
emulsion technique (W4/O/W, droplet) [Extracted by
http://www.seas.harvard.edu/weitzlab/liposomes]

Amphiphilic diblock copolypeptides stabilized double emulsions provide both
microscale and nanoscale drug delivery vehicles that can package both water-soluble

and oil-soluble drugs or other cargo. Dual delivery of hydrophobic and hydrophilic
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cargo will have applications in pharmaceuticals, cosmetics, and personal care

products.

The advantage of double emusion is (1) control of inner and outer droplet sizes
from the microscale down to tens of nanometers; (2) tunable block lengths and
compositions of the diblock copolypeptides to alter emulsion properties; (3) the inner
liquid droplet (e.g. water) can contain water soluble cargo: DNA, RNA,
oligonucleotides, peptides, proteins, salts, viruses, vitamins, serums, molecular
motors, drug molecules, cells, vesicles, nanoparticles, fullerenes, carbon nanotubes,
sugars, quantum dots, metal nanoparticles, magnetic nanoparticles, fluorescent dyes,
etc.; (4) The outer droplet (e.g. oil) can contain hydrophobic cargo: fats, lipids, waxes,
oils, fragrances, cholesterol, steroids, drug molecules, polymers, polypeptides,
micelles, quantum dots, nanoparticles, carbon nanotubes, fullerenes, etc. A variety of

oils can be used, including oils that are biologically compatible.
2.3 Polymeric Hydrogel for-modulated drug release

Hydrogels have been widely, ‘applied- as intelligent carriers in controlled
drug-delivery systems [Peppas, 2000, 2004 & 2006]. Researchers have engineered
their physical and chemical properties ‘at' the molecular level to optimize their
properties, such as permeability (e.g., sustained-release applications),
enviro-responsive nature (e.g., pulsatile-release applications), surface functionality
(e.g., PEG coatings for stealth release), biodegradability (e.g., bioresorbable
applications), and surface biorecognition sites (e.g., targeted release and bioadhesion
applications), for controlled drug-delivery applications (Fig. 2.9). Control of hydrogel
swelling properties can be used as a method to trigger drug release [Peppas, 2004].
One example of how the change in the swelling properties of hydrogels can be used in
drug delivery is a PVA and PEG system [Stringer, 1996]. By controlling the polymer
chain length, polymer composition, and initiation concentration and other factors, it is

possible to control the density and degree of network crosslinking.
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Fig. 2.9 Various delivery and release mechanisms of hydrogels [Peppas, 2006]

In addition, five kind techniques of stimuluated drug release were illustrated,
which are not self-regulating, but instead require externally generated environmental
changes to initiate drug delivery.sThesercaninclude (1) electric fields, (2) light, (3)
mechanical forces, (4) temperature; and (5).magnetic fields, which might be coupled
to biosensors to obtain systems:that.automatically initate drug release in reponse to

the measured physiological demand.
2.3.1 Electric field (pH sensitive) Stimulus

Electric current is a singnal than can be used to trigger drug delivery. One way to
accomplish this is to fabricate a pH-sensitive polymer (ex. chitosan) and use the
presence or absence of an electric current to change the local pH, initiating erosion of
the polymer matrix [Sershen, 2002]. Amino-polysaccharide chitosan that undergoes
pH-dependent hydrogel formation was illustrated [Fernandes, 2003]. At low pH (pH <
6), chitosan is protonated and soluble.When the pH is raised above about 6.3, the
amino groups become deprotonated and this polysaccharide can form an insoluble
hydrogel network. The high localized pH is generated electrochemically at the
cathode surface due to the hydrogen evolution reaction. The rate of this
electrochemical reaction is proportional to the current density and can be adjusted by
the applied voltage. As indicated in Fig. 2.10, proton consumption at the cathode

surface is partially compensated for by proton generation from the dissociation of
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water. A pH gradient can be generated adjacent to the cathode surface, depending on
the relative rates of hydroxyl ion generation and hydroxyl ion diffusion from the
interfacial region. The generation of a pH gradient at the cathode surface can cause
the structure change of chitosan gel, which displays insoluble condition at left side
(cathode side), but soluble condtion at right side. The drug can be controlled-release

at the right side by pH gradient.
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Fig. 2.10 Diagram of drug controlled release of chitosan by electric stimulus
[Fernandes, 2003]

2.3.2 Light Stimulus

The interaction between light and a material can also be used to modulate drug
delivery. This can be accomplished by combining a material that absorbs light at a
desired wavelength and a material that uses energy from the absorbed light to
modulate drug delivery [Sershen, 2002]. Near-infrared light has been used to
modulate the release of various proteins from a composite material fabricated from
gold nanoshells and thermal-sensitive polymer (poly (NIPAAm-co-AAm) or Pluronic®)
[Bae, 2006], as show in Fig. 2.11. Gold nanoshells are a new class of optically active
nanoparticles that consist of a thin layer of gold surrounding a dielectric core [Sershen,
2001]. Varying the shell thickness, core diameter, and the total nanoparticle diameter
allows the optical properties of the nanoshells to be tuned over the visible and near IR
spectrum. Since the core and shell sizes can be easily manipulated, the optical
extinction profiles of the nanoshells can be modified to optimally adsorb light emitted

from various lasers.
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Fig. 2.11 Synthetic scheme of novel shell cross-linked gold-Pluronic micelles
exhibiting a thermosensitive swelling/shrinking behavior [Bae, 2006]

For the purpose of initiating a temperature change with light; light at wavelengths
between 800 and 1200 nm is transmitted through tissue with relatively little
attenuation, absorbed by the nanoparticles, and converted to heat. Significantly
enhanced drug release from composite hydrogels has been achieved in response to
irradiation by light at 1064 nm. Embedding the nanoshells in the NIPAAm-co-AAm
hydrogel formed composite materials that possessed the adsorption spectrum of the
nanoshells and the phase transition. characteristics of NIPAAm-co-AAm copolymer
with an LCST of 40°C. When exposed to-near-infrared light, the nanoshells absorb the
light and covert it to heat, raising the temperature of'the composite hydrogel above its
LCST. This in turn initiates the thermaresponsive collapse of the hydrogel, resulting in
an increased rate of release of soluble drug held within the polymer matrix. Figure
2.12 illustrated the collapse of the composite hydrogels and the dswelling behavior in

response to near-infrared irradiation.
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Fig. 2.12 (a) A representative nanoshell-composite hydrogel in the fully swollen
and collapsed states; (b) Deswelling ratio of hydrogels in periods
when a diode laser was (A) turned off or (B)on at 2.6 Wem™ [Sershen,
2001]
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2.3.3 Mechnical Signal stimulus

Drug delivery can also be initiated by the mechanical stimulation of an implant.
Two different types of model systems can be considered in the design of controlled
drug-delivery devices [Sershen, 2002], which respond to mechanical signals
depending on the interaction of the drug with the polymer [Lee, 2001]. One model
system is filled with drug molecules that do not bind or interact with matrices (i.e., free
drug). The release of these free drug molecules could be enhanced by simple
mechanical signals due to the increased pressure within the matrix, which leads to an
exodus and depletion of drug at each incident (Fig. 2.13-(a)). However, mechanical
signaling does not significantly contribute to the release behavior of free drug
molecules from many hydrogel systems as the rapid depletion enables the fast
release of free drug even during the relaxation time period (i.e., no mechanical
signals). The other possible model system is composed of both free and bound drug
molecules, which interact with the polymer matrix through ionic or secondary forces.
When these types of systems are‘subjected to repeated mechanical signals, free drug
molecules can be released in response to the increased pressure. The free drug can
be subsequently replenished during re-laxation by dissociation of previously bound
drug. This allows the systems to respond to repeated cycles of mechanical signaling
(Fig. 2.13-(b)).

(b)

Fig. 2.13 Schematic description of anticipated drug release from polymeric
matrices under mechanical signaling: (a) Expected release behavior of
drug that does not strongly interact with the matrix; (b) Proposed
release behavior of drug that interacts with the matrix. (solid circle: free
drug; open circle: bound drug) [Lee, 2001]
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It also was demonstrated that model drug (e.g., growth-factor) release from
polymer matrices (e.g., alginate gels) could be significantly influenced by the
mechanical stimulation, and this approach was proven to be useful for regeneration of

blood vessels in animal models, .as shown in Fig. 2.14.
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Fig. 2.14 Diagram of deformation (a) and stress relaxation (b) of alginate gels
under mechanical loading in vitro, which involves 5 cycles of
compression for 2 min followed by relaxation for 8 min [Lee, 2001]

2.3.4 Temperature stimulus

Thermally-responsive hydrogels'»and“membranes have been extensively
evaluated as platforms for the pulsatile delivery of drugs. One of the characteristics of
themperature reponse hydrogels is the presence of LCST or CMT, a temperature at
which a hydrogel made of the material will undergo a phase change. In solution, this
temperature would correspond to the transition of the uncrosslinked polymer from an
extended coil to globule [Sershen, 2002]. The driving force for this phase change is
based on interactions between the polymer and the water surrounding the polymer.
When the temperature of the hydrogel is held below its LCST, the most
thermodynamically stable configuration for the free (non-bulk) water molecules is to
remain clustered around the hydrophobic polymer. When the temperature is
increased over the LCST, the collapse of hydrogel is initiated by the movement of the
previously clustered water from around polymer into bulk solution. This movement is
prompted by a gain in the entropy of the water as the system adjusts to the increased
temperature [Tanaka, 1998 &1999; Sasaki, 1997]. Once the water molecules are

removed from the polymer, it collapses on itself in order to reduce the exposure of the
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hydrophobic domains to the bulk water.

Thermally sensitive materials can be fabricated to exhibit positive thermally
controlled drug delivery. block copolymers of (poly(N-isopropylacrylamide-
bbutylmethacrylate)(PIPAAM-PBMA)) is an example of such a material. The micelle
inner core formed by self-aggregates of PBMA segments successfully loaded with a
drug (adriamycin), and the outer shell of PIPAAm chains played a role of stabilization
and initiation of micellar thermo-response. Polymeric micelles incorporated with
adriamycin showed a dramatic thermo-responsive on/ off switching behavior for both
drug release and in vitro cytotoxicity according to the temperature responsive
structural changes of a micellar shell structure. Upon collapse, the hydrogel will expel
soluble drug held within the polymer matrix. At temperature below the LCST of the
copolymer, the release rate is governe by the diffusion of the model drug out of the

hydrogel, as show in Fig. 2.15-(a)&(b)
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Fig. 2.15 (a) Schematic illustration of on—off release from a squeezing hydrogel
device for drug delivery; (b) Interactions between PIPAAm-PBMA
micelles and cells modulated by temperature control [Gutowska, 1997;
Chung, 1999]
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In addition, Choi et al. [Choi, 2006] reported Pluronic®/heparin nanocapsules
fabricated by single emulsion technology, as shown in Fig. 2.16. They exhibited the
violent volume change (1000-fold volume transition) while the temperature from 25°C
to 37°C (336 nm at 25°C to 32 nm at 37°C), implying excellent thermal sensitive
behavior. The drug can be squeezed-out with the violent volume chang while the
increased temperature. Thus, the micelle structure (or nanocapsules) of Pluronic®

series polymer (F127 or F68) would be used in this paper.
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Fig. 2.16 Thermally reversible Pluronic®heparin nanocapsules exhibiting
1000-fold volume transition [Choi, 2006]

2.3.5 Magneic fields stimulus

The use of an oscillating magnetic field to modulate the rated of drug delivery
from a magnetic polymer matrix (mini- or micro-size) was one of the first
methodologies investigated to achevie an externally controlled drug delivery system
[Hsieh, 1981] for 25 years ago (1981-1988). In these studies, Hsieh et al. and
Saslawski et al. [Saslawski, 1988] embedded magnetic steel beads in an EVAc
copolymer and polyethylenimine/alginate matrix that was loaded with bovine serum

albumin and insulin as a model drug, respecitively. They demonstrated increased
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rates of drug release in the presence of an oscillating magnetic field ranging from
0.5-1000 gauss [Edelman, 1985]. The rate of release could be modulated by altering
the position, orientation, and magnetic strength of the embedded materials, as well as
by changing the amplitude and frequency of the magnetic field [Kost, 1985]. During
exposure to the magnetic field, the beads oscillate within the matrix, alternatively
creating compressive and tensile forces. This in turn acts as a pump to push an

increased amount of the drug molecule out of the matrix.

However, few reports were found on the study on the magnetic hydrogel (or
called ferrogel) for drug delivery in the later 15 years (1989-2004). Until 2005, Chen et
al. [Chen, Macromol. Symp., 2005] reported a PVP ferrogel which exhibited passive
drug (Bleomycin A5 Hydrochloride, BLM) release that could be exploited to enhance
therapeutic efficacy to kill the tumor cell (VX2 sqyamous cell carcinoma) in the
auricles of the rabbits. Also, Lu et al. [Lu, 2005] illustrated that an external alternating
magnetic field of 100-300 Hz and.1200 Oe were applied to rotate the embedded
Co@Au polyelectrolyte (PSS/PAH)  microcapsules (diameter: 5 um), which
subsequently disturbed and distorted the capsule wall and drastically increased its

permeability to macromolecules like FITC-labeled dextran.

Among them, magneic fields stimulus’ provide more interesting opportunities
since they can be effectively activated in a controllable manner through a non-contact
stimulus, through a non-contact stimulus, as compared with other type of stimulus.
Although near-infrared light stimulus also displayed the similar inductive heating
ability from gold nanoparticles, the manipulation and heating ability in the magnetic
nanoparticles were superior to those of the gold nanoparticles. Many researchers
(incuding us) were interested in this topic, and thus paid attention to investigate about
the behavior of ferrogel in the drug controlled release. Detail introduction about the
characteristics of the ferrogel for the drug delivery using magnetic fields would be

illustrated in the next section.
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2.4 Ferrogel

Magnetic field sensitive gels, or as we call them "ferrogels", are typical
representatives of smart materials [Xulu, 2003; Zrinyi, 2000 & 1998]. In a ferrogel
finely distributed colloidal particles having superparamagnetic behavior are
incorporated into the swollen network. These particles couple the shape of the gel to
the external magnetic field. Shape distortion occurs instantaneously and disappears
abruptly when the external field is removed. A discontinuous elongation and
contraction in response to infinitesimal change in external magnetic field has been
observed. Many kinds of such gels have been developed and studied with regard to
their applications to several biomedical and industrial fields such as controlled drug
delivery systems and muscle-like soft linear actuators. Saslawski et al [Saslawski,
1988] reported the gelatin microsphere that was cross-linked by polyethylenimine for
the pulsed delivery of insulin by oscillating magnetic field. The release rate of insulin
from the alginate sphere with stron,til:jm”ferﬁrit.é' Fhiq_roparticles (1 pm) dispersed can be
much enhanced compared with_'"'th‘at in7.rﬂ1i\e. ;'a;bselrj'qe of magnetic field. Zrinyi et al.
[Zrinyi, 1998] reported that the rﬁjagn?tipal.l§;—;ensiti§e hydrogels can undergo quick,
controllable changes in shape k;y:,”infroéanqg‘netic particles into the chemically
cross-linked PVA that can be usé'd. as a n,gW 'f);pe of actuator to mimic muscular

contraction, as shown in Fig. 2.17.

Fig. 2.17 (a) Snapshots from the motion of a magnetic-field-sensitive polymer
gel, and the rule behind the gel indicates the amplitude of the
oscillation, which is more than 4 cm; (b) Snapshots from the motion of
a magnetic gel, and the rule behind the gel indicates the amplitude of
the oscillation, which is about 3 cm [Zrinyi, 1998]
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2.4.1 Synthesis of magnetic iron oxide nanoparticles

It has long been of scientific and technological challenge to synthesize the
magnetic nanoparticles of customized size and shape. Physical methods such as gas
phase deposition and electron beam lithography are elaborate procedures that suffer
from the inability to control the size of particles [Gupta, 2005] in the nanometer size
range. The wet chemical routes to magnetic nanoparticles are simpler, more tractable
and more efficient with appreciable control over size, composition and sometimes
even the shape of the nanoparticles. Iron oxides (either Fe;O4 or y-Fe;O3) can be
synthesized through the co-precipitation of Fe?* and Fe®" aqueous salt solutions by
addition of a base [Gupta, 2005]. The control of size, shape and composition of
nanoparticles depends on the type of salts used (e.g. chlorides, sulphates, nitrates,

perchlorates, etc.), Fe?* and Fe®* ratio, pH and ionic strength of the media [33,34].

Conventionally, magnetite is prepared:by.adding a base to an aqueous mixture of
Fe?* and Fe* chloride at a 1:2 molar ratio. The précipitated magnetite is black in color.
The chemical reaction of Fe;O,4 precipitation is given, in Fig. 2.18. The overall reaction

may be written as follows [Gupta, 2005]:
Fe”*+2Fe* +80H = Fe30,4+4H50 (2.1)

According to the thermodynamics of this reaction, a complete precipitation of
FesO4 should be expected between pH 9 and 14, while maintaining a molar ratio of
Fe®*:Fe?" is 2:1 under a non-oxidizing oxygenfree environment. Otherwise, Fes;O4

might also be oxidized as reaction (2.2)
Fe304+0.250,+ 4.5H,0=>3Fe(OH)3 (2.2)

This would critically affect the physical and chemical properties of the nanosized
magneticpartic les. In order to prevent them from possible oxidation in air as well as
from agglomeration, Fe;O4 nanoparticles produced by reaction (2.1) are usually

coated with organic or inorganic molecules during the precipitation process.
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Fig. 2.18 Scheme showing the reaction mechanism of magnetite particle
formation from an aqueous mixture of ferrous and ferricc hloride by
addition of a base [Gupta, 2005]

2.4.2 Hysteresis

When a ferromagnetic material is magnetized by an increasing applied field and
then the field is decreased, the magnetization does not follow the initial magnetization
curve obtained during the increase: . The irreversibility is called hysteresis. An example
of a full or major (i.e., M is taken to near Ms) hysteresis curve (or loop) is giveb in Fig.
2.19. At extremely high applied fields, the magnetization approaches the saturation
magnetization, Ms. Then if the field is decreaed to zero, the M versus H curve does
not follow the initial curve but instead lags behind until, when H=0 again, a remanant
magnetizatipn remains, the remanence Mr. If the field is now applied in the teverse
direction (a negative field), M is forced to zero at a field magnitude called the
hysteresis coercivity, Hc. Increasing this negative field still further forces the
magnetization to saturation in the negative direction. Symmetric behavior of this
hysteresis curve is obtained as H is varied widely between large positive and negative
curve is obtained as H is varied widely between large positive and negative values.
One could say that hystersis is due to internal froction. Hence the area insude the loop

is the magnetic energy that is dissipated while circling the loop.
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Fig. 2.19 Full-loop hystersis curve. Ms is the saturation magnetization, Mr is the
magnetization remanence (at H=0), and Hc is the coercivity [Klabunde,
2001]

Table 2.1 Critical diameter of single-domain‘(Ds) and super paramagnetic (Dsp)
in the magnetic materials [Kiabunde, 2001]

Material Ds(nm) Dsp(nm)
Fe 14 1.5
Co 70 2.5
Ni 55
FesO, 128 5 |
Y -FEQO3 166

In addition, the “closure” effects of ferrogel in the DC mageic fields and the
“bursting” effect of ferrogel in the AC magnetic fields were dependent on the particle
size of magnetic nanoparticles, which means the saturation magnetization (M)
hysteresis coercivity (Hc) were very important factor in the ferrogel. As Fe3O4 for
example, it exhibited the superparamagnetic behavior (Hc is near to zero) while the
particle size is lower than the 5 nm. Moreover, Hc arrive the maximum while the
particle size is 128 nm (the critical point of single domain and multi domain of iron
particles). Hc displayed the saturation while the particle size is higher than 200nm, as
showin in Table 2.1 and Fig. 2.20.
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Fig. 2.20 Relatioship of the particle size and hysteresis coercivity (Hc) [Klabunde,
2001]

In addition, Ms would increase with the particle size increased. Therefore, the
better “clouser” effect in the DC nagnetic fields would be observed in the higher Ms
and lower Hc, but the rapider “bursting” effect (inductive heating effect) in the DC
nagnetic fields would be found in.ithe ‘higher Hc, implying the faster heating

conducting.
2.5 Magnetic composites for biomedical applications

Magnetic composites (or ferrogel) offer a high potential for several biomedical

applications [Gupta, 2005], such as:

(I) Cell therapy, labelling, targeting and separating/purifying cell populations (Fig. 2.21
(a)&(b));

(I1) Magnetic resonance imaging (MRI) (Fig. 2.21-(c));

(1l1) Shape memory for artifical muscle (Fig. 2.17);

(lI1) Hyperthermia (inductive heating) (Fig. 2.21-(e));

(VI) Drug delivery by external magnetic field stimulus (Fig, 2.21-(d));

Related literatures were listed below (Table 2.2):
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Table 2.2 Magnetic composites for biomedical applications

Materials Model Drug Application Ref.

Cell therapy, labelling, targeting and separating/purifying cell populations

Chitosan No drug Affinity purification of enzymes An, 2003
Mesoporous  Fluorescein The drug could be encapsulated and released Giri, 2005
silica from the magnet-MSN delivery system by using

nanorods cell-produced antioxidants (e.g.dihydrolipoic acid)

(MSNs) as triggers in the presence of an external

magnetic field.

PECA or PCL Cisplatin Sufficient magnetic susceptibility for targeted Yang,
/Gemcitabine  delivery and Sustained release behavior 2006

PNIPAAmM No drug For controlling protein (HSA) adsorption and Elaissari,

desorption 2001

Fluorescent Cefradine Magnetic targeting, fluorescent imaging and Li, 2007

chitosan/CdTe  (hydrophilic stimulus-responsive drug release (pH-sensitive)

QDs antibiotic) properties;into one drug delivery system

FITC-labeled Doxorubicin Thermal-sensitive drug release; Magnetic drug Deng,

magnetic targeting and tissue labeling 2005

PNIPAM

PLLA Tamoxifen Good potential-as a‘carrier for the targeted release Hu, 2006

of tamoxifen to kill MCF-7 breast cancer (without

MF)
Porous Ibuprofen High potential applications in controlled and target Zhou,
magnetic releasing (without MF) 2007
hollow silica
nanosphere
O-carboxylmet MTX Derivatized with a peptide sequence from the Zhao,
hylated HIV-tat protein to improve the translocational 2005
chitosan property and cellar uptake of the nanoparticles;
(O-CMC) Magnetic targeting carrier to kill U-937 tumor cells.
Oleic acid Doxorubicin Sustained delivery of anticancer agents; Magnetic Jain, 2005
(OA)-Pluronic- targeting and/or imaging.
CdTe/ No drug Microcapsules addressable by a magnetic Field Gaponik,
PAH-PSS and magnetic imaging. 2004
Dextran-g-poly No drug LCST of viable drug-targeting delivery system Zhang,
(NIPAAm-co-D 2007
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MAAM)

Pluronic® hydrophilic Controlled drug targeting delivery and Thermo Chen,
Eosin Y/ stimulus release (No MF) 2007
hydrophobic
ibuprofen

Magnetic resonance imaging (MRI)

PHDCA/PEI  Doxorubicin Simultaneous magnetically targeted cancer Seo, 2007
therapy and diagnosis via MRI

PEG No drug Optical and MRI multifuctinal nanoprobe for Veiseh,
targeting Gliomas 2005
DMSA No drug Utilization for cancer diagnosis via MRI Jun, 2005

Shape memory for artifical muscle

PNIPAAm or No drug Gel beads form straight chainlike structures under  Zrinyi,
PVA MF; The particles attract each other when aligned 2000
end to end, and repel each other in the side-by-
side sitbation (Pearl-chain structure develops)

PVA No drug Through freezing—thawing cycles; Viscoelastic Zrinyi,
properties; Shape transition of magnetic field 1998;
sensitive polymer.gels for artificial muscle Szabo,

1998

TPU No drug Shape memory for-artificial muscle Mok,

2006

For these applications, the particles must have combined properties of high
magnetic saturation, biocompatibility and interactive functions at the surface. The
surfaces of these particles could be modified through the creation of few atomic layers
of organic polymer or inorganic metallic (e.g., gold) or oxide surfaces (e.g. silica or
alumina), suitable for further functionalization by the attachment of various bioactive
molecules. They are either dispersed through a large volume of a polymeric bead or
occur as core in colloidal reagent with a biodegradable shell. As the magnetic particles
accumulate, e.g., in tumour tissue, they can play an important role in detection
through MRI or electron microscopic imaging to locate and measure binding or as
drug carrier for certain anti-cancer drugs. In the present study, it would be foucs on (1)
inductive heating (Sec. 2.5.1) the intellgent drug delivery by magnetic field stimulus

(Sec. 2.5.2).

32



(a)

Stable binding to Reactive group
the surface via for bio-
chelate bonding conpgation

@ O
ONG)
0
o0
N

(b)

(d)

Mognetite

Pl ymer shell

2275 B

T o \
‘ | !I
- :

W
3\

4
Magnetic Field Line

Fig. 2.21 Magnetic composites for biomedical applications: (a) Cell targeting, (b)

Cell labelling, (c) MRI, (d) Local Drug delivery, (e) Hyperthemia
(inductive heating) [Jun, 2005; Ellenbogen, 2005; Yang, 2006; Habeck,

2001]
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2.5.1 Inductive Heating

“Hyperthermia” (inductive heating) in the alternating current (AC) magnetic fields,
which the thermal energy from a hysteresis loss of ferrites depends on the type of the
remagnetization process, has been the subjects of many studies in recent years.
Hyperthermia is usually used for cancer treatment modality that destroys tumors by
elevating the temperature of the cancerous tissue to approximately 40-90°C for 10-20
min. The heating ability of each ferrite increased with an increase of the areas of
hysteresis loops and the frequency of alternating magnetic field, as shown in Fig.2.22

[Kim, 2005; Park, 2005]
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Fig. 2.22 Heating ability of each ferrite increased with an increase of the areas of
hysteresis loops and the frequency of alternating magnetic field [Kim,
2005]

It can be divided into three broad categories: whole body hyperthermia, regional
hyperthermia and local hyperthermia. Local hyperthermia is often preferred, since the
capability of heating only the desired volume (tumor) without affecting the surrounding
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tissue is more ideal. The diagram of killing tumor cells by inductive heating of

nano-magnetic-particles under alternating magnetic field, as shown in Fig. 2.23

(a)

model tumar

~ implant 5

= =5, =
edge E?'é'-“:f =7

S e TRy

" surrounding fascia

Water
37degC

Fig. 2.23 Diagram of (a)&(b) thé'::eg_ﬁiibmg
killing tumor cells in the 'mice (c) without (d) with heating
nano-magnetic-particles [Matsuoka, 2004; Derfus, 2007]

nt §f.*iﬁe alternating magnetic field for

2.5.2 Controlled drug release via magnetic field stimulus

The field of controlled drug delivery via magenetic field stimulus would be
summarized to two directions ((I) DC magnetic field, and (II) AC magnetic Field). One
was acheving sustained zero-order release of a therapeutic agent over a prolonged
period of time. This goal has been met by a DC magnetic field stimulus. The
particle-particle interactions become dominant in a DC magnetic field. The imposed
field induces electric or magnetic dipoles. As a result, mutual particle interactions
occur if the particles are so closely spaced that the local field can influence their
neighbours. This mutual interaction can be very strong, leading to a significant change

in the structure of particle ensembles. The particles attract each other when aligned
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end to end, and repel each other in the side-by-side situation. Due to the attractive
forces pearl-chain structure development, the field-induced chain formation would
slightly shrink the volume of ferrogel to induce the “closure” configuration formation.
The “closure” configuration under a DC magnetic field would reduce the rate of drug
release, and thus it could achevie the purpose of sustained zero-order release to

enhance therapeutic efficacy. Related reports were listed below (Table 2.3):

Table 2.3 Sustained zero-order release under DC magnetic field

Materials Model Drug Application Ref.
PVP/PVA Bleomycin A5  Passive drug release that could be exploited to  Chen,
hydrochloride  enhance therapeutic efficacy to kill the turmor Macromol.
(BLM) cell (VX2 sqyamous cell carcinoma) in the Symp., 2005;
auricles of the rabbits. Ding, 2007;

Adriane, 2006

PVA or Theophylline  Reduced drug delivery could be an advantage,  Francois,
Scleroglucan depending on expected:drug effect. For 2007
(SCL) example, a slowerrelease will bring a wider

delivery'time:

The second one is the controlled delivery of a therapeutic molecule in a pulsatile
or accerelative drug release. This goal has been met by an AC magnetic field stimulus
(inductive heating), which accompanied with the responsive hydrogel (e.g.,
thermosensitive polymer). The behavior of accerelative drug release was caused by
not only an inductive heating effect to induce the volume shirinkage, but also pore
rupture induced by the violent magnetic vibration of nanoparticles under an AC
magnetic field. Therefore, AC magnetic field-induced energy can cause the vibration
of iron oxide and enlarge pores increasing the permeability of the hydrogel. In the
meantime, the heat energy was conveyed to shrink the hydrogel to pump the drug out.

Related reports were listed below (Table 2.4):
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Table 2.4 Pulsatile release under AC (oscillating) magnetic field

Materials Model Drug Application Ref.
Collagen Rhodamine-L  Accelerative drug release and the self-repair De Paoli,
abeled capability of collagen gels following the 2006
Dextran structural damage caused by AC MF
PSS/PAH-Co FITC-labeled disturbed and distorted the capsule wall and Lu, 2005
@Au dextran. drastically increased its permeability
PS, PMEMA  p-MOED Inductive heating and accelerative drug release  Kaiser, 2006;
or PCL (Review paper) Schmidt, 2007
PNIPAAmM Methylene Inductive heating and De-swelling accompanied Miiler-Schultea,
blue/ by a release of the model drug 2006
Rhodamine B
PNIPAAM No drug PNIPAAm layer could absorb the heat induced  Wakamatsu,
in the magnetite cores in response to an 2006
alternatlng MF to induce effective aggregation
formatlon or hydrophoblc interaction
PCL No drug ucsT systerrt 1nduot|\4e heating Schmidt, 2005
Dextran Fluorescent (1 )Remotely nggered Release (2) inductive Derfus, 2007
DNA heatlng (13) Jmaged non-mvaswely by magnetic
resonance‘ rmagmg
Alginate Insulin Accere‘latlye drug release Saslaeski,
1988
EVAc BSA Accerelative drug release Hsieh, 1981
In particular, combined the system of ferrogel and inductive heating has been

reported by R. Mohr and Z. Lu [Mohr, 2006; Lu, 2005]. Noncontact triggering of shape

changes in polymers has been realized by incorporating magnetic nanoparticles in

shape-memory polymers and inductive heating of these compounds in alternating

magnetic fields to increase the permeability of the shell layer, as shown in Fig. 2.24.
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Fig. 2.24 Application of the technique of ferrogel and inductive heating [Mohr,
2006; Lu, 2005].

From our views, this special heating characterization of magnetic materials can
be used in the other disease therapeutic systems. In other words, to develop
functional nano-sized magnetite particles, a stable dispersion of the magnetic
nanoparticles in organic or aqueous media are critically required an effective surface

modification with organic compounds or polymers as dispersing agents.

Hybrid materials of macroscopic dimensions that include magnetic nanoparticles
in a thermoresponsive polymer matrix are described in two classes of material, either
based on shape memory polymers oren thermoresponsive gels [Schmidt, 2007]. The
incorporation of magnetic nanoparticles into macroscopic hydrogels leads to
magnetoresponsive gels called ferrogels. The polymeric matrices serve as highly
flexible environment for the particles in the swollen state. Under the influence of an
external static magnetic field, the magnetic dipoles become aligned along the
magnetic field and an orientation of the gel. Due to enhanced interparticle interactions,
a volume contraction can be observed at sufficient field strength. The combination of

elasticity and magnetic properties is of great interest for basic research.

Besides, combined magnetic and thermal material to fabricate a thermo-sensitive
ferrogel is a promising method for drug delivery. The actuating mechanism of this-type
ferrogel is used for the hyperthermia of ferrogel to arise temperature. When the arising
temperature of thermosensitive polymers (Pluronic® or PNIPAAm) are higher than
CMT or LCST, the drugs can be burst from the ferrogel by the volume compressed

(thermoresponse behavior), as illustrated in Fig. 2.25.
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Chapter 3
Experiment Methods

3.1 Flowchart of Experiment Process
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3.2 Drug delivery test

In vitro drug release testing was carried out by incubating the drug carriers (ex.
ferrogel, ferrosponges, ferrosphere and ferrocapsules) encapsulated model drug in 20
ml of buffer solution at various temperatures (4, 25, 37, 45°C). A direct-current (DC)
magnetic field (MF) with 400 Oe was applied to control the drug release profiles from
the drug carriers. The release of the drug from the drug carriers was measured at a
controlled temperature of 37 + 0.1 °C in a flow-through cell with 40 ml phosphate
buffered solution. The drug release behavior of the drug carriers was characterized
with the continuously applied magnetic field. Furthermore, the external magnetic fields
switched alternatively between “on” (MF ON) and “off” (MF OFF) mode in a specific

period was applied for several cycles.

At specific time intervals, buffer solution were withdrawn, the concentration of
drug released was measured by UV spectrum (361 nm for vitamin B4, and 482 nm for

DOX). The drug release percent was determinedusing Eq. (3.1) [Lin, 2005]:
. R,
Cumulative released (%) =TX1OO% (3.1)

where L and R; represent the initial ameunt of drug loaded and the cumulative amount

of drug released at time t.

To investigate the diffusion mechanism in the gel, the drug released data were
fitted to Eq. (3.2) as follows: [Ritger, 1987; Ahn, 2002]

M’(
=kt" 3.2
Y (32)

o0

The cumulative concentration of released the model drug at time t and at the end
of the experiment (to approximate the infinite time) was used to calculate M{/M... M is
the mass of sirolimus released at time t, M., is the mass released at time infinity, and
M¢/M.. is the fractional mass of released sirolimus; k is a characteristic constants, and
n is a characteristic exponent related to the mode of transport of the penetrant. By
taking logarithm on both sides of Eq. (3.2), Eq. (3.3) was used to calculate the

diffusion parameters (n and k) for M/M.. < 0.6.
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|n[Mtj=n|nt+|nk (3.3)
M

o0

The effective diffusion coefficient (De) for M/M. < 0.6 [Leach, 2005] was calculated
using Eq. (3.4):

M, Dt "'’
= 4] == 3.4
M (ﬂdz] (34)

00

where d is the initial diameter or thickness of the drug carriers. Therefore, the
fraction of the model drug released should be proportional to the square root of the
released time. The cumulative concentration of released model drug at time t and at
the end of the experiment (to approximate the infinite time) were used to calculated

M¢/M.., which was in turn used to calculated D .

In addition, the effect of hyperthermia of the drug carriers in the drug release
testing by applying externally a high frqqy,e,r].c_:y magnetic field (HFMF) of 50-100 kHz
and 15 kW (see Fig. 3.1). The coiliof HFMF @'g':"éttgops, and the strength of magnetic
field is 2.5k A/m. The similar eqqiiﬁ;"?hent fv&ig@go reported by Mohr et al [Mohr, 2006

Because the HFMF generates héét airqg-ﬁd thjeh'cop'per coil during operation, it was

kept at 25°C through a cooling waterbath’itopreyent thermally-induced interference
from environment. 4 ml PBS contai‘mr'iiﬁ‘g"'107 mg”""t'f\'e drug carriers were charged in the
glass tube and then the glass tube was put into the couper coil. At specific time
intervals under HFMF treatment, buffer solution were withdrawn, the concentration of

drug released was measured by UV spectrum (8453, Agilent, USA)

Cooling
Water

Fig. 3.1 Equipment of high frequency magnetic field
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3.3 Drug diffusion test

The diffusion coefficients of the solutes were measured under switching MF
(magnetic strength of about 400 Oe measured by Gauss meter) in a diffusion
diaphragm cell (side-by-side cell) (see Fig. 3.2). The solution in the donor side is 80 ml
of isotonic phosphate buffer (PBS) (pH7.4) containing 200 ppm of the model drug
(vitamin B12). The receptor compartment, separated by the ferrogel, was filled with 80
ml of PBS solution. The concentration of each compound in the receptor compartment
was determined at A=361 nm using a UV spectrophotometer. The permeation
coefficient (P, cm?min) was calculated according to the following equation for the

diaphragm cell:

m(qﬁinzﬂ%;V“xpon) (3.5)
where Cqo is the initial concentration. of’the’permeant in the donor compartment; Cqy
and C; are indicative of the concentrations in the donor side and receptor side,
respectively; D is the diffusion: coefficient-(cm?/min) [Singha, 1999; Yang, 2003;
Miyajima, 1999; Liu, 2006]; H is the partition-coefficient,; A is the effective area of the
ferrogel; ¢ is the thickness of the ferrogel; V are respectively the volumes of solution in
the donor and receptor compartment (both are 80 ml). By plotting In[Cq0/(Cy—C:)]
versus time (t), the permeability coefficient (P) can be calculated from the slope of the
line by EQ.(3.5). Each data point was obtained by averaging of at least three

measurements.

Moreover, the dry weight (W) of drug-free ferrogel was immersed in the release
medium until equilibrium state and then the wet weight (W) were recorded.
Subsequently, the ferrogel was immersed in 10ml of vitamin B12-containing medium.
Partition coefficient (H) was determined from the initial (Cp) and equilibrium (C,)
concentrations of vitamin B12-containing mediums by Eq. (3.6) [Miyajima, 1999; Liu,
2006].

W, (C,-C
H — dry( 0 e) (36)
w,..C,

wet
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Fig. 3.2 Diaphragm cell for measuring the permeability coefficient
3.4 Characteristics Analysis

The Raman spectra were obtained using a backscattering geometry. The 632
nm of a He-Ne laser was focused through an Olympus microscope with a 100x lens to
give a spot size of 1 um. The spectra was obtained using a 60 seconds acquisition
time and averaged over 3 accumulations. X-ray diffractometer (XRD, M18XHF, Mac
Science, Tokyo, Japan) was used to identify the crystallographic phase of
ferrosponges, at a scanning rate of 6° per min over a range of 26 from 10° to 70°.
Additionally, the magnetization of the ferrogel was measured with a vibrating-sample
magnetometer (VSM, Oxford) at 298K and +6000G applied magnetic field. The

structure of ferrogel and morphologies of magnetic nanoparticles were examined
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using field emission scanning electron microscopy (FE-SEM, JEOL-6500, Japan) and

transimission electron microscope (TEM, JEOL-2010, Japan).

Pyrene loading was studied in order to assess the temperature-dependent
aggregation within microgels. A stock solution of 1 mM pyrene in absolute methanol
was prepared, from which 2 ul was added to 3 ml of 100 mg F127-shell MNPs
aqueous sample. The sample was then allowed to equilibrate for 24 h at a given
temperature, and then excitation and emission spectra were recorded using
spectrofluorophotometer (PL). There are five vibrational peaks in the pyrene emission
spectra. The ratio of the intensities of the first (373 nm) to the third (384 nm) vibronic
peak (l372/13g5) in the emission spectra of the monomer pyrene was used to estimate

the polarity of the pyrene microenvironment [Bromberg, 1999 & 2003].
BET analysis (Quantachrome, NOVA 2000, USA) was conducted using N, gas

absorption isotherms at 77K, and the pore size were calculated following the
approach by Barrett, Joyner, and Halenda (BJH). The nanospheres were dried by
80°C in vacuum condition for 1 day before BET. analysis, afterwards the sample was
de-gassed for 150°C and 2 hours following BET analysis [Hu, 2008].

The chemical structure of the. activated-polymers was characterized by NMR.
Proton nuclear magnetic resonance’ spectroscopy ('H-NMR) spectra were used to
confirm the sites and degrees of substitution. The samples were dissolved in CDCI3;
and the spectra were recorded by NMR spectrometer (Bruker Avance-500) at 500
MHz for proton, equipped with a microprocessor-controlled gradient unit and an
inverse-detection multinuclear BBI probe with an actively shielded z-gradient coil. For
size characterization of nanocapsules, dynamic light scattering (DLS,
zetasizer-3000HS, Malvern, UK) was used. Microscopy was performed using a
transmission electron microscope (TEM, JEM-2010, JEOL, Japan) operating at 200

kV to reveal the microstructure of nanocapsules.

In addition, the porosity of the ferrogels was determined by measuring the true
density and the bulk density [Yang, 2003]. To measure the true density, a freeze-dried
ferrogels were placed in a vacuum oven and the weight of the sample was measured
(M). Afterwards, the ferrogels were put into the cell chamber cup of a pyconometer

(Micromeritics, 1305) to measure the true volume (V;). The true density (p;) was then
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calculated according to Eq. (3.7). To measure the bulk density, ferrogels were vacuum
dried and then the area was measured. The thickness of the ferrogels was measured
ten times with a digital gauge meter (Mitutoyo IDF-112) to obtain the bulk volume (V).
The bulk density (pp) was then calculated according to Eq. (3.8). The porosity (g) of

the ferrogels was calculated according to Eq. (3.9).

pt = MV, (3.7)
Pb = M/Vb (38)
€ =V Ve =1 (3.9)

3.5 Methylthiazol tetrazolium (MTT) assay [Chen, Mat. Sci. Eng. C-Bio. S.,
2005]

Cell (smooth muscle cell) proliferation. was assessed using a methylthiazol
tetrazolium (MTT) assay, which measured mitochondrial dehydrogenase activity of
viable cells spectrophotometrically. MTT reagent is a pale yellow substrate which
produces a dark blue formazan productwhenit is.incubated with viable cells. Smooth
muscle cell (SMCs, TG/HA-VSMC smooth-muscle cell, human normal aorta smooth
muscle cell, BCRC number: 60293) were purchased from FIRDI and grown in culture
medium containing 90% F-12K medium with modifications-Ham's F12K medium with
2 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate supplemented with
10 mM HEPES, 10mM TES, 0.05 mg/ml ascorbic acid, 0.01 mg/ml insulin, 0.01 mg/ml
transferrin, 10 ng/ml sodium selenite and 0.03mg/ml ECGS and 10% fetal bovine
serum. 1 mg of F127-MNPs sterilized by hydrogen peroxide gas plasma system
(STERRAD® 50 system, a Johnson & Johnson Company, USA) and then placed into
the wells of 6-well culture plates in contact with 2ml of SMCs (2><105 cells/ml, 3 to 4

passages) and were incubated in 5% CO, at 37°C for 72 hr.

After cell culturing for 72 hr, the viability of SMCs was determined by MTT assay.
0.5 ml MTT (5 mg/ ml PBS solution, Sigma, USA) solution and 2ml serum free
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medium was added to each well (6-well culture plates). After 4 hr incubation at 37°C, 2
ml of DMSO (dimethyl sulfoxide) was added to dissolve the formazan crystals. The
dissolvable solution was jogged homogeneously about 15 min by the shaker. The
optical density of the formazan solution was read on an UV-VIS spectrophotometer at
570 nm. All experiments were repeated five times. Data from the MTT assays were
analyzed by means of Student’s t-test. A P-value less than 0.05 were considered to be

significant.
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Chapter 4
Biodegradable Ferrogel (Gelatin)

4.1 Introduction

In recent years, stimuli-responsive polymers, which can be responsive to external
stimuli, such as pH, temperature, and electric field, have attracted a great deal of
interest due to their potential applications in controlled drug delivery [Zrinyi, 2000].
Gelatin is a widely used polymer in pharmaceutical products [Cortesi, 1998].
Furthermore, it is of special interest in controlled release applications because of their
soft tissue biocompatibility, the ease with which the drugs are dispersed in the matrix,
and the high degree of control achieved by selecting the physical and chemical

properties of the polymer network.

Magnetic materials have been widely used in the field of biotechnology in
bio-separation, artificial muscles and. drug carriers [Neuberger, 2005; Pankhurst, 2003;
Rosengart, 2005]. Some researchers have reported that the drug carriers of magnetic
gels applied in targeting [Rotariu, 2005]. However, to our best knowledge, it is less
seen to use magnetic fields to control drugrelease rate. Therefore, the combination of
the gelatin and magnetic particles. is a. potential research to prepare the

stimuli-polymer which can be applied in controlled drugs release by magnetic field.

Environmental sensitive hydrogels (smart hydrogels) with controlled drug release
have been received great attention in the field of medicine, pharmaceutics, and
biomaterials science. These hydrogels provides advantages over conventional
therapeutic dosage forms by having higher delivery efficiency, site-specific delivery,
controlled dose, and elimination or reduction of harmful side effects to the patients. By
these wide advantages of the hydrogels, a number of researches have been
successfully proposed to integrate active drug molecules and host materials, where to
manipulate drug release desirably. For example, through conventional bolus injection,
drug concentrations at site of therapeutic actions were only a portion of the treatment
period in the therapeutic window [Uhrich, 1999]. By contrast, drug delivery from the
controlled polymeric systems could maintain drug concentrations within the

therapeutic window for prolonged time.
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Such smart hydrogels possess such ‘sensing’ properties which allow to change in
swelling behaviors, permeability, and elasticity upon only minute alternations in the
environmental conditions. Many physical and chemical stimuli have been applied to
induce various responses in response to change in temperature [Zhang, 2004;
Eeckman, 2004; Gutowska, 1997; Chiu, 2005; Claude, 2004], pH [Etrych, 2001; Chen,
2004], glucose [Chu, 2004], electric field [Murdan, 2003; Sutani, 2001] and magnetic
field [Zrinyi, 2000], for the smart hydrogels [Qiu, 2001] which administer drug release
considerably and can be potentially used in extended field. So far, many kinds of
magnetic sensitive hydrogels (ferrogels) have been developed and studied with
regard to biomedical materials. These hydrogels were usually prepared by introducing
magnetic nanoparticles into a polymer matrix, and a macroscopic change in the
shapes of the resulting ferrogels in response to external magnetic stimuli can be
easily manipulated, which permit these ferrogels to be employed as muscle-like soft
linear actuators and drug delivery systems: [Mitsumata, 1999; Xulu, 2000; Zrinyi,
1998]. For example, magnetic-field-sensitive gelatin microspheres were reported for
pulsed release of insulin via an oscillating magnetic-field [Saslawski, 1988; Lu, 2005]
and the release rate of insulin in-the alginate_microspheres with magnetic particles is
much faster than that in absence‘of an external magnetic field. Although magnetic
nanoparticles (MNPs) were widely used for magnetic resonance contrast
enhancement, tissue repair, immunoassay, hyperthermia, drug targeting and delivery
and in cell separation [Gupta, 2005; Neuberger,2005], to the best of our knowledge,
there has been little investigation on drug delivery under a direct current (DC)
magnetic field through the use of magnetic nanoparticles in the ferrogels. Drug
delivery from the magnetic sensitive ferrogels can be triggered by a non-contact force
(an external magnetic field), which is superior to the traditional stimuli response
polymers, such as pH or temperature sensitive polymer. By this concept, a Magnetic
Targeted Carriers (MTCs) has been designed which could adsorb pharmaceutical
agents through application of an externally magnetic field for site-specific targeting
and sustained release of drugs [Fricker, 2001]. In addition, according to our previous
study, it was demonstrated that a direct current (DC) magnetic field can be used to

manipulate the drug release behaviors from a smart magnetic hydrogel [Liu, 2006]
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through an on-off switch of a magnetic field.

However, a number of drawbacks still exist to use the magnetic hydrogels for
drug delivery systems. For instance, it could not display fast and outstanding magnetic
sensitive behaviors to control drug release. Zhang et al. reported that macroporous
temperature-sensitive hydrogels exhibited a tremendously faster response to the
external temperature changes due to their unique macroporous structures [Zhang,
2004 & 2001]. In addition, pHEMA sponges were developed to achieve rapid and
reliable delivery of bioactive substances for long-term implantable drug delivery
devices [Dziubla, 2001], and plasmid DNA with a sustained release from polymeric
scaffolds was investigated for tissue regeneration [Storrie, 2006]. Therefore, in this
work, a magnetic-sensitive sponge hydrogels (ferrosponges) was developed in this
study to overcome those above-mentioned problems. The resulting ferrosponge is
able to absorb a large amount of water and shows fast recovery property. Furthermore,
magnetic sensitive walls of ferrosponges-constructed by MNPs can effectively reduce
their wall permeability and decrease: the drug release via a given magnetic field, as
shown in Fig. 4.1. For this purpose, a magnetic sponge hydrogel composed of a
biocompatible gelatin and magnetic nanoparticles' (MNPs) is investigated in terms of
the concentrations of magnetic nanoparticle and gelatin. The drug release behavior
from this ferrosponge in response to a magnetic field is investigated.
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Fig. 4.1 Schematic drawing of drug release from the magnetic-sensitive
ferrosponges with and without applying external magnetic field
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4.2 Gelatin Ferrogel
4.2.1 Fabrication of gelatin ferrogel

For the preparation of the magnetic hygrogels (or called ferrogel), the gelatin (15
wt %) was first dissolved in deionized water at 45°C to ensure that the gelatin can be
fully dissolved. After that, 4 wt% Fe3zO4 nanoparticles (from Alfa Aesar) including 0.03
wt % drugs (vitamin B2, from Sigma) and genipin (Challenge Bioproducts Co., Ltd.,
Taiwan) with different weight ratio were added to the above gelatin solution under
stirring for 30 min at 40 °C and then incubated in 25 °C for 2 days. The
genipin-cross-linked ferrogel were respectively designated as Ge0.06, Ge0.03,
Ge0.01 and Ge0.003 by their different cross-link density. For example, Ge0.06 means

genipin content is 0.06 wt%.

The swelling rate of the ferrogels was measured as prescribed in our previous
study [Yang, 2003] and the switching,“on” mede of a given magnetic fields (MF) is
about 400 Oe. For drugs release test, the ferrogels containing vitamin B, were first
immersed in 20 ml of phosphate buffer (PBS) (pH7.4) and then UV-visible
spectroscopy was used for the ‘characterization of-absorbance peaks at 361 nm to

determine the vitamin B4 release concentration:
4.2.2 Characterzation of gelatin ferrogel

Fig. 4.2-(a) showed the gelatin gels containing vitamin B4, (no Fe304 particles)
were cross-linked by genipin with various weight ratios. After the gelatin/genipin
solution was incubated for 2 days, the color of the gels transfers from pink (the color of
vitamin B42) to purple (lower cross-linked density) or dark blue (higher cross-linked
density). The UV spectrum in Fig. 4.2-(b) also demonstrated the color change. The
above results may suggest that the gelatin could react with a variety of the genipin
concentration to display different colors and morphologies. The darker the color of the
gels, the denser the porosity of the gels, and the porosity or pore size of the gelatin
gels would influence the drugs release properties. In addition, it was observed that the
FesO4 nanoparticles were fairly uniformly distributed in gelatin hydrogels as evidenced
from the cross-sectional SEM image in Fig. 4.3-(a). Hence, it also proves that the

gelatin solution is an excellent dispersing agent for FesO4 nanoparticles.
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Fig. 4.2 (a) OM photos of the gelatin gels with different cross-linked densities
and (b) UV spectroscopy analysis of different cross-linked gelatin
hygrogels

The swelling properties of the magnetic hydrogels as a function of switching MF
were illustrated in Fig. 4.3-(b). While switching “on” mode of a given MF, it was found
that not only swelling rate decreased sharply but also de-swelling in the differential
curve. However, it will restore back to original states while switching “off” mode. The
sensitive properties may be attributed to the fact that the porosity or the pore size of
the ferrogels would decrease in switching “on” mode. The mechanism of the “close”
configuration of ferrogels can be further illustrated in Fig. 4.4. While the MF switching
in “on” mode, the Fe;O,4 particles tend to aggregate together and this causes the
porosity of the ferrogel to decrease. Therefore, a swelling rate was reduced and a

decreased drugs release rate was induced.
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Table 4.1 Cumulative drugs release of the ferrogels in “on” or “off’ mode of a
given magnetic field at 120 min

Ferrogel Ge0.003 Ge0.01 Ge0.03 Ge0.06
MF OFF 56.5 % 52.2% 49.9% 48.0%
MF ON 47.4 % 45.5% 44 4% 44.1%

OFF- ON 9.1 % 6.7% 5.5% 3.9%
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Fig. 4.3 (a) SEM observation of Fe;O4 nanoparticles distributed in gelatin
hydrogels and (b) sensitive swelling rate of the ferrogels dependent on

switching MF
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Fig. 4.5-(a) exhibits the “close” ‘configuration of Ge0.003 ferrogel, the drugs
release rate decreased in switching “on” mode. Moreover, Table 4.1 shows the
vitamin B4, release conditions of different cross-linked density ferrogel in MF switching
“on” or “off” mode. It was observed that the lower cross-linked density of the ferrogels,
the more distinct the magnetic sensitive properties (OFF-ON) (9.1%). The reason is
that the ferrogels with a lower cross-linked density display the softer properties which
could cause the porosity to be easily modified due to the more free movement of the
gelatin hydrogels chains of magnetic nanopaticles. Furthermore, the Ge0.003 ferrogel
displays a higher magnetization (Ms) (9.199 emu/qg) than the Ge0.03 ferrogels (6.023
emu/g) as measured from the vibrating sample magnetometer (VSM) and shown in
Fig.4.5-(b). Based on the above two reasons, it could be demonstrated that the lower
cross-linked density ferrogels display more obvious magnetic sensitive properties.
Besides, the magnetic sensitive properties of the drugs release could be found in
continuous switching “on-off’” mode for a given MF, as shown in Fig. 4.6. The

differential curve of drugs release rate showed that the drugs release decrease in
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switching “on” mode, and restore original states in switching “off’” mode. These

sensitive characterizations are similar with the swelling rate.
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4.3 Gelatin Ferrosponges
4.3.1 Fabrication of ferrosponges

The commercially available gelatin from bovine skin (type A, ~300 bloom),
1-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide Hydrochloride (EDC) and model
drug vitamin B12 were purchased from Sigma Chemical Co.. Iron (ll) chloride (FeCly)
and Iron (lll) Chloride (FeCls) were obtained from Fluka and Riedel-deHaen,
respectively, and used as received. Ammonia hydroxide (NH4OH) in the form of 33%
water solution was obtained from Riedel-deHaen. Phosphate buffered saline (PBS)

was purched form Ultra Biotechnology Corporation.

Magnetic sponge hydrogels (ferrosponges) were fabricated by in-situ
co-precipitation process, and iron oxide nanoparticles were deposited directly in the
gelatin hydrogel. Briefly, gelatin was dissolved in the D.l. water for 2 hours at 40°C.
After gelatin was fully dissolved in the solution;.appropriate amount of FeCl, and FeCls
was added to the gelatin solution . to, form"the'.hybrid sols. (The molar ratio of
FeCl,/FeCl; was kept constant-at 2:1, and the reagents used for synthesis was
showed in Table 4.2) When completely dissolved, the hybrid sols were rapid cooled to
4 °C to gel the gelatin which was then.immersed in a water solution of NH,OH to start
the iron oxide formation process. Immediately, the gels became black, indicating that
the iron oxide nanoparticles have been formed in the system. After the in-situ
co-precipitation of iron oxide nanoparticles, the ferrosponge were washed by D.I.
water for several times to remove un-reacted NH4OH solution, and then the
ferrosponge were subsequently kept in the freezing baths maintained at -80 °C for 1
day and finally lyophilized in a freeze-dryer for 3 days. Finally, the macroporous
structures were formed and cured by 1-ethyl-3-[3-(dimethylammino) propyl]

carbodiimide (EDC) in the 9:1 acetone: water solution at 4 °C.
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Table 4.2 Reagents used for the synthesis of ferrosponges

system Sample Gelatin FeCl, FeCl; water S %° MNPs®
(9) (9) (9)  (mL) (wt %)
5G 5G-1F 5 1 2.7 100 10.1 3.7
series 5G-3F 5 3 7.1 100 8.1 6.5
5G-5F 5 5 13.5 100 6.1 9.4
15G 15G-1F 15 1 2.7 100 9.4 2.7
series 15G-3F 15 3 7.1 100 7.7 5.3
15G-5F 15 5 13.5 100 6.7 7.1

#S%: Swelling ratio=(Weight of wet ferrosponge)/(Weight of dried ferrosponge)
°MNPs (Wt%): The weight fraction of magnetic nanoparticles(MNPs) measured by TGA

4.3.2 Characterization of magnetic-sensitive ferrosponges

Magnetic-sensitive  ferrosponges.,;composed of gelatin and magnetic
nanoparticles (MNPs) were prepared throeugh-an in-situ co-precipitation process. The
traditional method of preparing -{iron. oxide nanoparticles usually used the chemical

co-precipitation of iron salts in the alkaline'medium:
Fe”" + 2Fe®* +80H=— Fe(OH), + 2Fe(OH); — Fe30, + H,0

However, the iron oxide nanoparticles formed by using this traditional method
aggregated easily [Lin, 2005]. To prevent aggregation, the gelatin and iron salts were
mixed in advance to become a homogeneous mixture in which iron cation and the
carboxylic acid groups of polymer allow to form a homogeneous complex structure in
the solution [Lin, 2005]. While the ammonia solution was added, the iron oxide
nanoparticles were directly formed in the presence of the gelatin, resulting in a
sponge-like structure after lyophilizing. The ferrosponges shown in Fig. 4.7 exhibited a
three-dimensional porous structure with macroporous and an anastomosing network
of gelatin matrix. The mean pore size shown in Fig. 4.7-(a) for the 5 wt% gelatin matrix
of ferrosponges was microscopically measured to be 100+23 um, which was larger
than that (50£24 um) for the 15 wt% gelatin matrix of ferrosponges, Fig. 4.7-(b). It was
found that the morphology and pore size of the ferrosponges seemed to be greatly

dependent upon the gelatin matrix rather than the amounts of MNPs. The macropores
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of the ferrosponges appeared to be well-arranged, which displayed membrane-like
wall structure. The magnified image in the Fig. 4.7-(b) showed the surface
morphology of the ferrosponge, where a rougher surface than that of traditional
sponges was observed in the ferrosonges, which is due to the presence of the MNPs

in the ferrosponges.

Fig. 4.7 SEM images of the ferrospon?es for 5wt% (a) and 15wt% (b) gelatin
concentrations

=l =
- -

4.3.3 Crystalline phase identifiééti§n.,-i6_fmse_6nges

X-ray diffraction (XRD) analysisﬁ H.éﬁdWédr 'thllét the crystalline phases of iron oxide
in the ferrosponges are y-Fe,O3 (maghemite) or FesO4 (magnetite), Fig. 3(a). However,
it is very difficult to distinguish Fe3;O4 from y-Fe,Os; because these two phases
exhibited similar XRD patterns (according to Fe3;04 (JCPDS [85-1436]) and y-Fe;O3
(JCPDS [04-0755])) [Long, 2004]. In addition to the diffraction peaks of iron oxide, one
more peak at 26~21° was observed and can be identified as the semi-crystalline
gelatin. Furthermore, the diffraction data were also used to measure the primary
particle size according to Scherrer analysis for diffraction peak widths of (311) peak,
wherein the (311) peak is common to both magnetite and maghemite phases. The
primary particle size of iron oxide in the ferrosponges was estimated ranging from 8 to

12 nm.

58



(a) (311)

Intensity (arb. units)

Intensity (arb. units)

70 550 600 650 700 750 800
2 theta Wavenumbers (cm)

-
o
N
o
w
o
H
o
a
o
[=2]
o

Fig. 4.8 (a) XRD and (b) Raman spectra of the ferrosponges

Raman spectroscopy is potentially more useful than the X-ray diffraction
techniques in distinguishing y-Fe,O3; from Fe3;O4 and was used to track subtle
structural differences between thelvibration frequencies of y-Fe,O3; and Fe;O4 [de
Faria, 1997]. Fig. 4.8-(b) shows that, although the iron oxide nanoparticles were
surrounded with gelatin, a significant difference -between these phases can be
recognized from the Raman spectrum. The 665 cm™ band, assigned to the
characteristic band of Fe3;04, observed in the'Raman spectra displays a symmetrical
peak and is attributed to the vibration modes consisting of stretching of oxygen atoms
along Fe-O bonds. On the other hand, the characteristic peaks for y-Fe,O3 present at
721 cm™ and a weaker band at 667 cm™ [Long, 2004]. Both evidences support the

ferrosponges consisting of y-Fe;O3 and Fe3O4 phases.

As the result shown in Table 4.2, the content of iron oxide nanoparticles in the
sample 5G-5F could reach 9.4 % measured by TGA. It was observed that the amount
of the iron oxide nanoparticles were related to the starting concentration of iron salts.
Generally, it was thought that the amount of iron oxide nanoparticles were
proportional to the concentration of iron salts, albeit not in a direct proportional
correlation, they do exist a linear relationship. This is due to the fact that the inorganic
nanoparticles directly formed in the polymer matrix could be hindered by
polymer-particle interactions [Lin, 2005; Tannenbaum, 2005]. Therefore, the amount

of iron oxide nanoparticles developed in sample 5G-5F was lower by five times than
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that in sample 5G-1F.
4.3.4 Magnetic property of Ferrosponges

The magnetic properties of the ferrosponges with various iron oxide contents
were studied with VSM at ambient temperature, with the magnetic field sweeping from
-6000 to +6000 G. As shown in Fig. 4.9, the magnetization-magnetic field curves for
all the ferrosponges show similar shape with negligible hysteresis. This indicates that
these ferrosponges exhibit superparamagnetic characteristics but with different
saturation magnetization (Ms). The sample 5G-5F displayed the largest Ms of 23.6
emu/g, and it was observed that the Ms decreased with the decrease of iron oxide.
The saturation magnetization (Ms) of the ferrosponges was also dependent on the
inorganic/organic ratios, as summarized in Table 4.2. However, although the weight
fractions of MNPs in the 15G series are slightly lower than those in the 5G series, the
inorganic/organic ratios of 15G series _are much lower as compared with 5G series.
Correspondingly, the Ms for 15G! series;,was lower than that for 5G series. The
correlation of the Ms with the magnetic sensitive behaviors of these ferrosponges will

be discussed in forthcoming analysis.
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Fig. 4.9 Vibrating sample magnetometry measurements for the ferrosponges
with various contents of iron oxide nanoparticles
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4.3.5 Nanostructural analysis of Ferrosponges

In order to examine the microstructure and morphology of the resulting
nanoparticulate network structure, the gelatin was intentionally removed thermally

when a porous structure made of the magnetic nanoparticles remained intact.

The pores in the magnetic solid network structure are characterized as two
categories; one with a size ranging from 100-200 nm, as a macroporosity, located
between the walls or struts, and the one inside the walls or struts has a size of only a
few nanometers, as a mesoporosity. Such a mesoporosity is formed due partly to
thermal removal of the gelatin between the nanoparticles, and in part, as an
interparticle voids developed upon in-situ synthesis, as shown in Fig. 4.10. In
comparison with 5G-5F and 15G-5F, in Fig. 4.10-(a) and 4.10-(b), respectively,
sample 5G-5F exhibited looser structure than that of the sample 15G-5F, having a
denser structure when the gelatin was completely burned off. However, it seems no
considerable difference between the mesosporosity of these two samples. Therefore,
it can be concluded that the=concentration ‘of -gelatin used to synthesize the
ferrosponges affects strongly the macroporosity of the sponge but negligibly for
mesoporosity development. Highfesolution' SEM images of 5G-5F and 15G-5F were
presented in Fig. 4.10-(a) and 4.10-(b), respectively. The iron oxide nanoparticles
were clearly observed and exhibited a spherical shape with average particle size
about 10 nm, which is relatively closed to the size calculated by Scherr’s equation.
Such a nanometric scale of the magnetic particles allows the achievement of
super-paramegnetization upon magnetic stimulation and this is evidenced in Fig. 4
where little or no hysteresis behavior was detected. The pore size distribution of iron
oxide nanoparticles exhibited in Fig. 4.10-(c) demonstrated that there were numerous
nanopores within the magnetic nanostructures. The mean pore diameter was 9.1 nm,
and the pore size distribution ranged from 3 nm to 30 nm, which may affect the
diffusion rate of the B12 molecules. It is also conceivable that a manipulation of these
nanopores by a magnetic force can be effectively used for a control release of drug.
The sizes of mesopores after treating with magnetic field decreased considerably (Fig.
4.10-(c)) in pore volume and pore size, to an average size of 4.6 nm, indicating a

result of re-arrangement of the magnetic nanoparticles to form more compact, rigid
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structure. Although the change in the pore size is detected from the magnetic
nanoparticle network, this can also be translated as shrinkage in the pore size in the
ferrosponge upon applying a magnetic field. The variation of the mesopores in the
ferrosponges under magnetic stimulation is able to act as a diffusion regulator for

control release of drug molecules.
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Fig. 4.10 SEM images of iron oxide nanoparticles structure of the sponges
obtained by thermally removing gelatin matrix for the ferrosponges
with (a) original 5G-5Fand (b)15G-5F compositions, and (c) associated
with the pore size distribution of the ferrosponges treated with and
without magnetic field

4.3.6 Drug release behaviors of ferrosponges

Therefore, along the line of magnetic manipulation, drug (vitamin B+;) release

profiles from the ferrosponges were expected and demonstrated in Fig. 6. Initial burst
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release was observed from the ferrosponges in the first 60 minutes and the amounts
of drug release from the ferrosponges were almost equal for all the ferrosponges.
Although the ferrosponges had been washed before the releasing test, the initial burst
was believed to result from the outermost layer of the ferrosponges. After the initial
burst, the ferrosponges showed different release rates, from 60 to 250 minutes,
according to the concentration of the nanoparticles. Typically, pure gelatin sponge
showed a faster drug release rate than that of the nanoparticle-containing
ferrosponges. According to our previous studies, it demonstrated that a strong
interaction exists between iron oxide nanoparticles and polymer side chains in the
composite [Liu, 2006]. In addition, Hongbin et al. also reported that the inorganic
nanoparticles restricted relaxation behavior in the nanocomposites because of the

polymer-nanoparticle interactions [Lu, 2003].

When these strong interactions were developed in the ferrosponges, the
drug-release behavior can be affected and restricted via molecular relaxation. The
drug molecules released from a nanocomposite can be blocked by the nanoparticles,
acting as a physical barrier for drug diffusion. In“the meantime, the presence of
numerous nanoparticles along the path-ofrdrug diffusion gives rise to a considerable
increase in the mean free path for‘drug diffusion. Therefore, the drug released from
the ferrosponges showing a lower rate than that from pure gelatin sponges. A
near-linear drug release profile was later developed after a time period greater than
250 minutes for all the samples, irrespective of the presence of nanoparticles,
suggesting the release of the drug is reaching a state-steady diffusion. Again, the
higher concentration of the nanoparticles in the ferrosponges, the lower amount of the
drug was released in this linear-kinetic region. This indicates the rate of drug release
being considerably retarded by those nanometric physical barriers in the matrix, but
the release profiles for all the ferrosponges appeared following a similar (near)

zero-order kinetics according to Fig. 4.11.
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Fig. 4.11 Drug release profiles of 5G series of the ferrosponges

4.3.7 Magnetically controlled drug release of ferrosponges

Fig. 4.12 shows the release profiles of vitamin B12 from the ferrosponges under
“on” and “off” operations of an external magnetic field (MF) at 37°C. The amount of
drug that released under “on” mode‘was.relatively low; about 25%, compared to that
operated under “off” mode, 40%, over a time span of 360 minutes. This finding
strongly indicates that the applied magnetic field effectively retarded drug release
from the ferrrosponge of 5G-5F composition by as large as 60%. More specifically, the
drug release profile is considerably changed even from the very beginning of release
when the ferrosponge was subjecting to a given MF. The release kinetic showed a
parabolic profile from the beginning to about 120 minutes, after then, a linear profile of

drug release followed till the end of the release test.
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Fig. 4.12 Drug release profiles with and without applying magnetic field (“MF
on” and “MF off”, respectively.) for 5G-5F ferrosponge

By taking Eq. 3.2 & 3.3, a Kinetic analysis of drug release from the 5G-5F
ferrosponge can be obtained, as shown in Fig. 4.13, where a two-stage release
kinetics for the ferrosponge is: displayed, with and without the presence of the
magnetic field. Both exponent constant; n‘and rate.constant, k, are estimated. For the
first-stage release kinetics, the exponent constant is in a range of 0.5-0.6, indicating a
typical Fickian diffusion mode, suggesting diffusion rate is dominating the drug release
over relaxation rate in the ferrosponges. However, the exponent constants are
apparently decreased to a range of 0.28-0.36 at the second stage of the profile,
indicating the diffusion at the second stage being heavily retarded and it turned out to
be more pronounced under magnetic field, having the lowest n value. It is suggestive
of an enhanced retardation for drug molecules to diffuse through the ferrosponges
under magnetic field. The reduction in pore size and a corresponding shift in pore size
distribution to smaller pore region under magnetic field of the magnetic particulate
network of the ferrosponge, Fig. 4.10-(c), provide evidence of a diffusion barrier for
drug movement in the magnetized ferrosponges. Similar release kinetic parameters
can be found for the ferrosponges of different compositions, and the constants are
listed in Table 4.3. The rate constant, k, for all the ferrosponges at both release stages

has apparently lower k value in the presence of magnetic field, than those without the
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field. This change in release kinetic is believed to be a change in the distribution of the

nanoparticles when an MF is applied.

The first-stage release profile (kinetically similar to that observed for the
ferrosponge under no MF) appeared to be less magnetically controllable because it
corresponds to the drug release from macroporosity of the magnetic particle networks
which is corresponding to a released amount of 19%. The re-alignment of the
magnetic nanoparticles, (or nano-magnets) within the ferrosponges has little effect on
blocking drug diffusion from those macroporosity. Nevertheless, the drug is highly
regulated from mesoporosity of the ferrosponges, as a result of aggregation of those
nano-magnets in the ferrosponges. The diffusion path was highly confined, resulting in
a much slower diffusion of the drug molecules from the ferrosponge. A lower value of
the rate constants, i.e., ky and kz, indicating a lower frequency of molecular activity,
prevailed in the magnetized ferrosponges than those without magnetization for both
stages of release profile providessdirect evidence of the magnetically-induced

inhibition effect on molecular diffusion.

Table 4.3 k and n values of ferrosponges under the modes of magnetic on (MF
on) and off (MF off)

5G-1F  5G-3F 5G-5F 15G-1F 15G-3F 15G-5F

MF off 0.037 0.033 0.027 0.020 0.018 0.019

K1 MF on 0.030 0.020 0.010 0.014 0.012 0.011
MF off 0.066 0.055 0.050 0.036 0.023 0.023
k2 MF on 0.057 0.053 0.046 0.032 0.019 0.019
MF off 0.460 0.475 0.491 0.548 0.563 0.577
n MF on 0.470 0.527 0.615 0.618 0.595 0.590
n2 MF off 0.341 0.362 0.360 0.423 0.506 0.516

MF on 0.334 0.314 0.284 0.377 0.483 0.497

The mechanism of drug release profiles from the ferrosponges can then be
elucidated as schematically illustrated in Fig. 4.13-(d). 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
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diffusion through the mesopores to environment. By magnetizing the iron oxide

nanoparticles in the walls, the mesopore size decreased considerably, which

restricted more effectively the diffusion of the drug molecules. Consequently, the drug

release rates decreased immediately while applying an external magnetic field.
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Fig. 4.13 A plot of In(M/M) versus In (t) of (a)5G-5F, (b)5G-1F and (c)5G-3F
showed a two-step relationship for calculating the values of k and n,
and the corresponding schematic drawing of the shrinkage of the
mesopores in the ferrosponges (d) while a magnetic field was applying

4.3.8 Magnetic-sensitive behavior of ferrosponges

The preliminary result

demonstrated

that the ferrosponges possessed

magnetic-sensitive behaviors under an MF. The “Magnetic Sensitive Behavior (%)’

was defined as the difference in the amount of cumulative drug release under “MF off”

minus that under “MF on”. The higher value of the “Behavior” indicates the higher

sensitivity of the ferrosponge to a given strength of magnetic field in terms of drug
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release. Fig. 4.14 shows the magnetic-sensitive behaviors for the ferrosponges of 5G
and 15G compositions. The magnetic-sensitive behavior showed about 4-5 times
more pronounced for the 5G compositions than that for the 15G series. It is possible
that ferrosponge with 5G compositions possess a better elastic property and at the
same time, a stronger interparticle attraction to regulate the relaxation of the gelatin
molecules than those of 15G compositions, resulting in the sharply enhanced
magnetic-sensitive behaviors. More plausibly, according to a recent study on the
concentration effect of the nano-magnets on magnetization of a PVA-based ferrogels
[Liu, 2006], it is believed that under the same relative concentration of the
nano-magnets, the ferrosponges with higher relative concentration of the gelatin
showed lower magnetization, and is evidenced in Fig. 4.15, where the saturation
magnetization is increased linearly with increasing nano-magnet concentration and
decreased with increasing gelatin concentration. On this base, it realizes that the
nano-magnet concentration in the ferrosponges causes a significant variation in
magnetic-sensitive behavior. Fig: 4.15 ifurther ‘supports a stronger interaprticle
attraction force and less rigidity-(i'e., the molecular relaxation of the gelatin chains
being less restricted) of the 5G ferrosponges. Furthermore, although 5G-1F and
15G-3F possessed the same gelatin-to-Fe3;Og4 ratio (i.e., G/F=3/1), 5G-1F exhibited
more than twice the magnetic sensitive behaviors to that of the 15G-5F composition,
because in 5G-1F, the magnetic nanoparticles binding on the looser polymer structure

could be migrated easily.
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Fig. 4.14 Comparison of the magnetic-sensitive behaviors of the ferrosponges
for both 5G and 15G series compositions
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Fig. 4.15 Inorganic/organic ratios of ferrosponges related to the magnetic
sensitive behaviors (%) and saturation magnetization (Ms)

Upon a consecutive on-off operation of the magnetic field to the ferrosponges, an
alternative change in drug release can:be identified, as shown in Fig. 4.16. The
cumulative drug-release amount:decreased with applied magnetic field and increased
again while the MF was turned off. This tunable release rate further substantiates the
re-arrangement of the magnetic nanoparticles and this further indicates a potential
use of this novel ferrosponges for drug delivery applications. With increasing
concentration of the nano-magnets, i.e., from 1F to 5F composition, the ability for the
ferrosponges to reaching a considerable drug release rate is increased significantly
when the ferrosponges to reach a consecutive MF on-off operation. This suggests that
the ferrosponges gain sufficient elasticity with the incorporation of critical amount of
the nano-magnets, which can be elucidated in the ferrosponge with 5G-5F
composition. This also indicates a considerable improvement of the anti-fatigue
property of the ferrosponges, compared to neat gelatin matrix, further encouraging the

use of the ferrosponges for drug delivery application.
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Fig. 4.16 Relative drug release rates of the.ferrosponges under repeated on-off
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in 5G-5F composition, i.e., indicating an improved anti-fatigue property
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Chapter 5
Non-Biodegradable Ferrogel (PVA):
Effect of particle size and switching duration time

5.1 Introduction

Stimuli-response polymers represent one class of actuators that have the unique
ability to change swelling behaviors, permeability and elasticity in a reversible manner.
Owing to these useful properties, stimuli-response polymers have numerous
applications, particularly in medicine, pharmaceutics, drug-delivery, biosensors,
enzyme and cell immobilization [Qiu, 2001; Miyata, 2002]. More recently, increasing
interest has been devoted to the exploration of dual-responsive polymers, such as
pH/thermo [Kim, 2002], thermal/magnetic [Furukawa, 2003; Deng, 2003; Pich, 2004],
pH/ electric field [Fernandes, 2003], pH/magnetic [Chatterjee, 1999] sensitive
hydrogels, which exhibit considerable sensitivity to external stimuli and can be used in

extended fields.

Many kinds of such gels have been developed and studied with regard to their
applications to several biomedical iand.industrial fields such as controlled drug
delivery systems and muscle-like soft linear actuators. Saslawski et al. reported the
gelatin microsphere that was cross-linked by polyethylenimine for the pulsed delivery
of insulin by oscillating magnetic field [Saslawski, 1988]. The release rate of insulin
from the alginate sphere with strontium ferrite microparticles (1 ym) dispersed can be
much enhanced compared with that in the absence of magnetic field. Zrinyi et al.
reported that the magnetically-sensitive hydrogels can undergo quick, controllable
changes in shape by introducing magnetic particles into the chemically cross-linked
PVA that can be used as a new type of actuator to mimic muscular contraction
[Mitsumata, 1999; Zrinyi, 1998 & 2000]. Furthermore, the magnetic-sensitive gels, or
“ferrogels”, are typical representative of smart materials for mechanical actuators and
have been the subjects of many studies in recent years [Herndndez, 2004; Chatterlee,
2003].

Recently, it was reported that the polyelectrolyte microcapsules embedded with

Co/Au nanoparticles could increase its permeability to macromolecules like
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FITC-labeled dextran by alternating current (AC) magnetic switch [Lu, 2005]. However,
the iron oxide nanoparticles have received wider attentions in diagnostic clinical
practice as magnetic resonance imaging enhancers and currently in clinical phase IV,
are the most successful application of nanotechnologies in medicine [Weissleder,
1995; Brigger, 2002]. So far, to our best knowledge, little investigation has been
addressed on controlled delivery of therapeutic drugs under direct current (DC)
magnetic field through the controlled deformation of the ferrogel based on iron oxide

nanoparticles upon a simple “on” and “off” switch mode.

Furthermore, this magnetic-sensitive polymer is even superior to that traditional
stimuli response polymer, such as pH or thermal sensitive polymer, because magnetic
stimulation is an action-at-distance force (non-contact force) which is easier to
adapting to biomedical devices. PVA hydrogel was used because it displays
amphoteric characteristics and can be applied in agueous environment as well as in
organic solvent for the encapsulation-of ‘amphoteric drugs [Hatakeyema, 2005].
Moreover, PVA can be used as:dispersing agents to uniformly disperse the Fe3O4
particles. In this study, we reported'a magnetic-field-sensitive PVA-based ferrogel that
can be used for controlled release -of~therapeutic drug by external magnetic
stimulation. The responsivity and‘.characteristics of the PVA-based ferrogel are
systematically investigated in terms of iron oxide particles and swelling behaviors.

Furthermore, a mechanism of drug release via the on-off operation is also proposed.
5.2 Ferrogel preparation

The intermolecular interactions like hydrogen bond-bridges or polymer
microcrystals are responsible for the formation of the three-dimensional network
structure. A so-called freezing-thawing technique was used to prepare the ferrogel
[Hatakeyema, 2005]. First, 5wt% polyvinyl alcohol (PVA, Fluka, M.W.: 72,000, degree
of hydrolysation: 97.5-99.5 mol%) was dissolved in 10 ml dimethylsulfoxide (DMSQO)
at 80°C under stirring for 6 h, and then mixed with 17 wt% of magnetic particles at
60°C under ultrasonication for 6 h to ensure that the magnetic particles can be well
dispersed. Three kinds of magnetic particles were used in this study: (1) larger

magnetic particle (LM), diameter ca. 150-500 nm, Aldrich; (2) middle magnetic particle
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(MM), diameter ca. 40-60 nm, Alfa Aesar; (3) smaller magnetic particle (SM), diameter
ca. 5-10 nm, fabricated by in-situ co-precipitation process [Mak, 2005]. The resulting
solution was then poured into plastic dish and kept frozen at -20°C for 16 h.
Subsequently, the gels were thawed at 25 °C for 5 h. This cyclic process including
freezing and thawing was repeated for 5 times. Finally, prior to the release test, the
ferrogels were washed five times and then immersed in the water for 24hr to
completely remove DMSO. The physical gels prepared by this method were stored at
4°C until they were measured. The swelling ratio of the ferrogel [Yang, 2003] is

defined as:

Swelling Ratio (SR) S% = Wﬁ (5.1)

where Wgry and W; are the weight of the dry ferrogel and the ferrogel at time t
under magnetic-field (MF, 400 Oe) switching, respectively. The free liquid on the

surface of the swollen ferrogel was padded.dry with filter papers before weighing.
5.3 Phisycal crosslinking (freezing and thawing process) of ferrogel

The PVA ferrogel was fabricated by phisycal crosslinking method (freezing and
thawing process) due to the hydroxyl groups of PVA molecules participated in
hydrogen bonding. As show in Fig. 2.10,the number of crosslinking points and the cell
walls of PVA hydrogels increases and become thicker with increasing freezing and
thawing cycles. An in-situ experiement observed by DSC was used to evaluate the
PVA crosslinking condition with freezing and thawing cycles. DSC measurement is
based on the fabrication process of ferrogel. The control parameter in the DSC is (1)
cooling from 25°C to -20°C (cooling rate: 1°C/min from); (2) kept frozen at -20°C for 16
hr; (3) heating -20°C to 25°C (heating rate: 1°C/min); (4) kept thawed at 25 °C for 5 h.
This cyclic process including freezing and thawing was repeated for 6 times. The
result in Fig.5.1(a) & (b) show that crystal point (Tc) of PVA increased with the cycles
of freezing and thawing increased (-5.3~1.1°C, cycle 1~6, c1~c6), indicated that the
the number of crosslinking points increased to induce a solid network. Furthermore,
the area of crystallization (peak area) increased with the cycles increase. It also
demonstrated that the higher crystallization of PVA and the strongrt network would be

found in the higher cycles of freezing and thawing process, but it seems to be
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“saturation” when the cycles arrives 5-6 times, implying just slightly Tc and area of
crystallization increase (PVA crystallization and .crosslinking have been stable)

Therefore, five times of the freezing and thawing process would be used in this study.
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Fig. 5.1 DSC analysis of PVA physical crosllinking by freezing and thawing
cycles: (a) cooling curve; (b) heat flow and temperature change with
different cycles

5.4 Characterization of magnetic-sensitive ferrogels

Fig. 5.2-(a) illustrates the's photographs of magnetic-sensitive PVA-based
(PVAS5-LM17) ferrogels, where PVAS-LMA7 represents the synthesis of the ferrogels
with PVA concentration of 5 wt% and larger-sized magnetic particles (LM) of 17 wt% in
this work. Moreover, it is observed that the magnetic-sensitive hydrogel exhibits
excellent flexibility and elasticity. Furthermore, it was observed that the Fe3O4
nanoparticles were uniformly distributed in the PVA ferrogels as shown in
cross-sectional SEM image as no magnetic field was applied. However, as the
magnetic field (MF) was developed, a volume change in response to the on-off
magnetization was observed for the PVA ferrogel. This phenomenon seems to reveal
that the magnetic FesO4 nanoparticles are attracted between adjacent neighbors
under magnetic field. Consequently, it implies that the reduced distance between the
magnetic Fe;04 nanoparticles as a result of attraction force induced by a given MF
can be used to develop a close configuration of the ferrogel for controlled drug

release.

The swelling ratio of the ferrogel is decreased (from 3.81 to 3.33) while MF is
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switching “on” which is due to its contracting pores, but it is increased (from 3.33 to
3.72) while MF was turned off as shown in Fig 5.2-(b). Hence, the decreased swelling
ratio of the ferrogel in an MF switching “on” mode may be used to explain the slow
diffusion of drug. Furthermore, the calculated swelling rate is also shown in Fig 5.2-(b).
A transition of the swelling rate was clearly observed in response to the on-off
magnetization. While MF switching from “off’ to “on” mode, the swelling rate
decreased, on the contrary, it increased. The magnetically sensitive swelling
behaviors indicated that the ferrogel prepared in this investigation has an excellent

magnetic-sensitive property.
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Fig. 5.2 (a) Cross-sectional SEM image of magnetic particles disperse in PVA
hydrogels and OM photos of PVA5-LM17 ferrogels; (b) Swelling ratio
and swelling rate of PVA5-LM17 ferrogel in the magnetic fields
switching “on”-“off” mode
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Table 5.1 Permeability coefficient of the ferrogels in “on” or “off’” mode of a
given magnetic field

MF ON ® MF OFF ¢
Magnetic Max. drug
Ferrogel SDT? drug amount/min drug amount/min e g
Behaviors Bursting
(P)° (P)°
1.42+0.05 3.5310.08 2.11
PVAS5-LM17 20 8.3910.23
(109) (303) (194)
0.97+0.03 5.2410.15 4.27
10 18.56+£0.56
(83) (449) (366)
0.46+0.02 6.7110.31 6.25
5 11.95+0.43
(40) (586) (546)
0.9240.05 3.1010.34 2.18
PVA5-MM17 5 3.811£0.13
(77) (261) (184)
0.86+0.03 4.731+0.25 3.86
PVA5-SM17 5 5.08+0.18
(74) (406) (332)
1.09+0.03 1-08+0.08 -0.01
Pure PVAS5 5 -
(107) (105) (-2)

#SDT means switching duration time of the magnetic field.

bAverage drug permeation amount (ug/min) and permeability coefficient (10'6 cm2/min) at magnetic
fields (MF) switching "on" (n=3)

° Permeability coefficient (P) calculated by Eq.(2) (n=3)

dAverage drug permeation amount (ug/min) and permeability coefficient (10'6 cm2/min)at MF switching
"off" (n=3)

¢ Average drug permeation amount (ug/min) and permeability coefficient (10'6 cm2/min) at MF
OFF —°Average drug permeation amount (ug/min) and permeability coefficient (10'6 cm2/min) at MF
ON. (n=3)

fAverage maximum drug bursting amounts (ug/min) of the drug bursting at the moment of switching MF

from “on” to “off” mode. (n=3)

The magnetic-sensitive behaviors in the ferrogels can be further expressed by
the difference in the permeated drug amount between the MF “off” mode and “on”
mode, as shown in Table 5.1. In addition, the calculated permeability coefficient and
maximum amount of drug busting were also included. It was observed that the
permeability coefficient of the pure PVA5 hydrogel was determined to be 105x10°®

cm?/min, which is lower than that of PVA5-LM17 ferrogel, i.e., 586x10° cm?min while
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the MF is “off’. However, when MF switching to “on” mode, the permeability coefficient
of the ferrogel decreased sharply (40x10° cm?/min) but that of the pure PVA
hydrogels remains almost unchanged (107x10° cm?min). This is essentially due to
smaller pore size as a result of agglomeration of the nano-magnetic particles in the
ferrogel. Furthermore, in Table 5.1, it is further indicated that the magnetic-sensitive
behavior of the ferrogel (546x10° cm?min) is much superior to that of the pure PVA
gel (-2x10° cm?/min). Therefore, with an applied magnetic field, considerable
differences in magnetic-sensitive permeability coefficient were detected in the

ferrogels, as compared to that in pure PVA hydrogel.
5.5 Effects of switching duration time (SDT)

In Fig. 5.3-(a), it was found that the quantity and the release profile of the model
drug from the ferrogels are strongly affected by the time duration between each
on-to-off stage, and here we defined. it,as. switching duration time (SDT) of the
magnetic field. For a 5-min-period:SDT, the drug release profiles demonstrate that the
best “close” configuration, wherein,the drug was effectively locked in the ferrogel and

no sign of drug release can be detected for the SDT of 5-minute period.

However, with increasing SDT to.10 and 20 minutes, the “close” configuration of
the ferrogel becomes less pronounced as time elapsed, wherein sign of drug release,
can be clearly detected, as illustrated in Fig. 5.3-(a) and Table 5.1. In the case of
20-min SDT, an effective “close” configuration of the ferrogel that can effectively stop
drug release can be kept up for 8-10 minutes; however, drug released, although in a
relatively slow rate, from the ferrogel after the “effective” time period. Such an effective
SDT can be repetitively observed without considerably changed for a number of
repetitive on-off operations. Furthermore, irrespective of the SDT, a normal diffusion

release profile can be detected right after the given MF switching from “on” to “off”.

Since the “close” configuration of the ferrogel is an indication of particle
agglomeration of the magnetic particles within the PVA matrix, on this base, a
considerable reduction of the pore size and an increased tortuosity of the pore
channels across the ferrogel membrane can be expected. Both factors will effectively

hinder or block the diffusion of the drug solution from the other side (i.e.,
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drug-containing donor side) of the ferrogel. The effective SDT of the ferrogels
prepared in this study suggests an existing of an effective “closure” configuration of
the ferrogel which seems to compromise with the diffusion potential of the drug
solution from one compartment to the other. It is believed that such an effective “close”
configuration may be explained as a result of “fatigue” of the agglomerated magnetic
particles under a given MF. The fatigue behavior can be possibly due to the relaxation
of the polymer gel to relieve the stress that is induced by strain in the gel network
when the magnetic particles move in response to the magnetic field. This process
may be faster in the presence of smaller particles, which provides explanation on the

rapid increase of permeability compared to the ferrogels with larger particle.
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Fig. 5.3 Rapid permeation properties and “close” configuration of the ferrogels
dependent on (a) different switching duration time (SDT) and (b)
various particle size of Fe3O4 of the ferrogels in the continuous
switching “on-off’ mode for a given magnetic fields; the drug
permeation amount on switching “on-off’” mode, and corresponding
differential curve are shown in each figure in order to show the
maximum drug bursting



5.6 Effects of Fe;0, particle size

The influence of FeszO4 particle size on the effective “close” configuration is
illustrated in Fig. 5.3-(b) and Table 5.1, where larger particles (LM) show effectively
longer SDT. The results show the average permeability coefficient (40x10° cm?/min)
of PVA5-LM17 ferrogel at MF switching “on” in 5-min-SDT is much lower than that
(77x10° and 74%10® cm?/min) of PVA5-MM17 and PVA5-SM17 ferrogels. Moreover,
the magnetic-sensitive behavior and average maximum drug bursting amount of the
PVA5-LM17 ferrogel is much better than those of the PVA5-MM17 and PVA5-SM17

ferrogels.

In another comparative investigation, the effect of particle size on the
magnetization using a vibrating sample magnetometer (VSM, Toei VSM-5, USA) is
demonstrated in Fig. 5.4. Ferrogels with larger Fe3O4 particle (PVA5-LM17)
encapsulated ferrogel displays a hysteresis loop with a larger saturation
magnetization (Ms) of 15.28 emu/g, compared.to those ferrogels with middle and
smaller Fe3z04 nanoparticles (12.39 emul/g for PVA5-MM17 and 10.84 emu/g for
PVA5-SM17), indicating that a strong magnetic field can be induced in the ferrogel.
However, the PVA5-MM17 ferrogel. presenis broader hysteresis loop and larger
coercive force (Hc) than that of PVA5-LM17 (and PVA5-SM17 ferrogels), indicating
that it is more difficult to reorient and move the magnetic particles in the ferrogel under
magnetic fields. It is known that the hysteresis loss area and Hc are strongly
dependent on the particle size and domain characteristics of magnetic particles. The
PVA5-MM17 shows larger Hc because its particle size (60 nm) is near the critical size
of single domain which was estimated about 100 nm for Fe3zO4 particle [Klabunde,
2001]. Therefore, on this basis, the single-domain MM particles exhibit a greater
hysteresis loss area and Hc (353.53 Oe) than the multi-domain LM particles (Hc:
159.63 Oe) in a given magnetic field; hence, the magnetic-sensitive behavior and
“close” configuration of PVA5-LM17 ferrogel are superior to those of PVA5-MM17
ferrogel, as shown in Fig. 5.3-(b) and Table 5.1. On the other hand, although the SM
particles display a super-paramagnetic behavior with the lowest hysteresis loss area
and Hc (17.55 Oe), the Ms of PVA5-SM17 is lower than that of PVA5-LM17 and the

fine nanoparticles tend to aggregate together; hence, the observed
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magnetic-sensitive behavior and “close” configuration of PVA5-SM17 ferrogel are still
less pronounced than that in the PVA5-LM17 ferrogel. The “magnetic-sensitive
effects” in those ferrogels are in the order of PVA5-LM17> PVA5-SM17> PVA5-MM17
that is dependent on higher Ms and lower Hc, as illustrated in Fig. 5.3-(b) and Table
5.1. If the above argument is true, then, we believe that an “effective SDT” of the
ferrogels from short duration period to long duration period can be well-designed with

different drug release profiles.
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Fig. 5.4 Hysteresis loop analysis of the ferrogels incorporated with various
particle sizes of Fe3;04

5.7 Mechanism of magnetic-sensitive drug release behavior

The possible mechanism of the drug release profile from the ferrogel is
schematically illustrated in Fig. 5.5. In the beginning when there is no magnetic force
(MF), the magnetic (fields) moments existing in the ferrogel are randomly oriented.
The ferrogel is subjected to zero magnetization and the drug release profile displays a
normal diffusion mode. While applying MF, the magnetic moments of the particles
tend to align with the magnetic fields and produce a bulk magnetic moment. This
induces the Fe304 particles within the ferrogel to aggregate together instantly, leading

to a rapid decrease in the porosity of the ferrogel, where the ferrogel was
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characterized as a “close” configuration. In other words, while the imposed field
induces magnetic dipoles, mutual particle interactions occur if the particles are so
closely packed that the local field can influence their neighbors. The particles attract
with each other when aligned in an end-to-end configuration and thus a “pearl-chain
structure” was developed [Zrinyi, 2000] due to the attractive forces that reduced the
pore size of the ferrogel. Therefore, the drugs are restrictedly confined in the network
of the ferrogel, causing a rapid and significant reduction in the diffusion of the drug

through the ferrogel.

MF OFF MF ON MF OFF
pore open pore close pore re-open

=3 Drug

Bursting

g Drug accumulation

Fig. 5.5 Mechanism of “close” configuration of the ferrogels due to the
aggregation of Fe;O4 nanoparticles under “on” magnetic fields causes
the porosity of the ferrogels to decrease

While turning off the field, the pores in the membrane re-open instantly, which
correspondingly results in a rapid re-filling of the drug-containing solution into the
membrane from the donor side of the membrane and from the other side of the
membrane, drug solution as both residual amount and later re-filled was released
instantly at the moment of pore re-opening, resulting in a burst-like profile; however,
the release turned back to normal diffusion profile shortly after the burst. A similar
behavior is observed on polyethylenimine cross-linked alginate spheres under
oscillating magnetic field [Saslawski, 1988]. By comparing with the three SDTs in
PVAS-LM17 ferrogel, a maximum amount of the drug bursting (18.56 pug/min) from the
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PVA5-LM17 ferrogel was observed for the SDT of 10 minutes. That is why the
PVA5-LM17 ferrogel in 10-min-SDT displays more suitable switching duration time

and close configuration compared to that in 5-min-SDT and 20-min-SDT, respectively.

In short, current preliminary investigation suggests a controlled release model
together with a pre-determined released amount of the drug can be finely tuned
through the use of this type of ferrogel, either as membrane or bulk structural
configuration, via internally or externally magnetically triggered operations. By
repeating the “on-off” operation of a given magnetic field, a controllable re-filling and a
subsequent release of drug from the ferrogel can be programmably designed and a
further detailed investigation on the effect of particle size and microstructural variation

of the ferrogels on the drug release profile is underway and will be reported shortly.
5.8 Particle size effect in the AC magnetic field (HFMF)

By the way, the drug delivery behavior-on the particle size effect of magnetic
nanoparticle of ferrogel by the AC'magnetic field was investigated in the Fig. 5.6. The
model drug (vitamin Bi2) was loading inside the PVA ferrogel. The result shows
PVA5-MM17 ferrogel display the strongest.-magnetic-sensitive behavior for drug
release (hyperthermia effect) in the:AC magnetic-field because Hc of PVA5-MM17 is
the highest. The temperature arises 70°C (from 20 to 90°C), 50°C (20 to 70°C), and
20°C (20 to 40°C) in the PVA5-MM17, PVA-LM17, and PVA5-SM17 ferrogel,
respectively. In contrast, PVA5-SM17 ferrogel displays lower hyperthermia effect due
to its superparamagnetic behavior (lower Hc). In addition, the stronger hyperthermia
effect would induce the higher drug bursting, which is attributed to the vibration of
magnetic particle to enlarge the pore size of PVA ferrogel. Thus, PVA5-MM17 ferrogel
would exhibit the highest drug bursting, whereas the PVA5-SM17 is lowest, which is in
order: PVA5-MM17 (40-60 nm)>PVA5-LM17 (150-500nm)>PVA-SM17 (5-10nm), as
related to the area of hystersis curve in the Fig. 5.4. However, the phenomenon is
totally different from the magnetic-sensitive behavior in the DC magnetic field, which
is in order: PVA5-LM17>PVA5-SM17>PVA5-MM17. Therefore, Hc and Ms in the
ferrogel would play an important role to judge the magetic response behavior in the

different magnetic field (DC and AC magnetic field)
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Chapter 6
Non-Biodegradable Ferrogel (PVA):
Effect of Fe;04 and PVA

6.1 Introduction

Certain polymer gels represent one class of actuators that have the unique ability
to change elastic and swelling properties in a reversible manner. Volumetric phase
transition in response to an infinitesimal change of external stimuli, such as pH,
temperature, electric and magnetic field (MF) in various hydrogels has been observed
[Xulu, 2000; Kim, 2002; Deng, 2003; Csetneki, 2006; Fernandes, 2003; Kim, 1999;
Haraguchi, 2002; Mohr, 2006; Muniz, 2001; Park, 1998]. In order to accelerate the
response of an adaptive hydrogel to stimuli, a magnetic-sensitive hydrogel (ferrogel)
has been developed. A ferrogel is a physical (or chemical) cross-linked polymer
network containing magnetic particles: Magnetic-field sensitive gels are unique
materials in that they are mechanically soft.and highly elastic and at the same time

they exhibit a strong magnetic response.

The principle of shape deformation-and.motility of ferrogels in response to drug
release is based on their unique magnetic-elastic behavior. Gel motions are driven
and controlled by MF and the final shape is determined by a balance of magnetic and
elastic interaction [Szabd, 2000]. Recently, some magnetic-stimuli in response to drug
delivery have been applied in clinical therapy. For example, the polyelectrolyte
microcapsules embedded with Co/Au nanoparticles could increase its permeability (P)
to macromolecules like FITC-labeled dextran by alternating current (AC) magnetic
switch [Lu, 2005]. Saslawski et al. reported the gelatin microsphere that was
cross-linked by polyethylenimine for the pulsed delivery of insulin by oscillating MF
[Saslawski, 1988]. However, little investigation has been reported on controlled
permeation of drugs under the direct current (DC) MF through the controlled
deformation of ferrogels upon a simple “on” and “off” switch mode. In our previous
work, the bursting and magnetic-sensitive behaviors of PVA-based ferrogels were
investigated with various particle sizes of Fe3O4 and switching duration time of

magnetic fields [Liu, 2006]. From our previous experimental observation, it was found
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that permeation rate of Vitamin B4, as a model molecule, decreased with the
increased intensity of direct current (DC) magnetic field. This induces the Fe3O4
particles within the ferrogel to aggregate together instantly, leading to a rapid
decrease in the porosity of the ferrogel, where the ferrogel was characterized as a

“closure” configuration [Liu, 2006], as shown in Fig. 6.1

External
Magnetic Field

OFF

Pore “open™
Pore “close™

) _ Folymer chain  Drug delivery decreased
Magnetic nanoparticles

Fig. 6.1 Diagram of the mechanism of “closure” configuration of ferrogels

In other words, while the imposed tieldi‘ri'dUCes magnetic dipoles, mutual particle
interactions occur if the partlcles are| sd) closely packed that the local field can
influence their neighbors. The part|cles attract W|th each other when aligned in an
end-to-end configuration and thu:s..:a peaﬁrﬁn structure was developed (see Fig.
6.2) [Zrinyi, 2000] due to the attractive fc.rcesuth‘at reduced the pore size of the ferrogel.
From the optical microscopic (OM) images; it was revealed that a simulated test that 1
w/v% magnetic particles were randomly distributed in the 10 w/v% PVA solution
(dissolved in the DMSO at 800C beforehand) in the absence of MF. However, the
magnetic particles attract with each other to line up in an order form in the present of
MF, as observed by SEM in Fig. 6.3.

Fig. 6.2 Pearl-chain structure was developed with the magnetic field
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Therefore, the drugs are restrictedly confined in the network of the ferrogels,
causing a rapid and significant reduction in the diffusion of the drug from the ferrogel,
due to the attractive forces that reduced the pore size of the ferrogel. While turning off
the field, the pores in the ferrogel re-open instantly, the drug release turned back to

normal diffusion profile.

Fig. 6.3 SEM image of pearl-chain structure

The above-mentioned phenomehon infdicates‘t‘h‘at the optimal magnetic-sensitive
behavior of the ferrogel was not ohly depehdént on the particle size of FezO4 but also
on the constituting components, i.e., Fe§O4 and PVA. Therefore, the influence of the
respective constituting components’ of the ferrOgéIs on magnetic-sensitive behavior
and partition coefficient (H) will be systematically investigated in this work. These
magnetic-sensitive behaviors will be further correlated with theoretical calculation of
both space restriction and magnetization. According to the proposed model, an
optimal scenario from both experimental findings and calculations would be deduced

to fabricate a ferrogel with controlled smart configuration.
6.2 Ferrogel preparation

A freezing-thawing technique was used to prepare the ferrogel [Hatakeyema, 2005].
In our experience, the physical-cross-linked ferrogel by a freezing-thawing technique
was used in the present study because it presents more elastic and soft properties
than that fabricated by chemical-cross-linking. First, various weight/volume (w/v)% of
polyvinyl alcohol (PVA, Fluka, M.W.: 72,000, degree of hydrolysation: 97.5-99.5 mol%)
was dissolved in 10 ml dimethylsulfoxide (DMSO) at 80°C under stirring for 6 h, and
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then mixed with various (w/v)% of magnetic particles at 60°C under ultrasonication for
6 hr to ensure that the magnetic particles (diameter ca. 150-500 nm, Aldrich) can be
well dispersed, as shown in Table 6.1. The resulting solution was then poured into
plastic dish and kept frozen at -20°C for 16 h. Subsequently, the gels were thawed at
25°C for 5 hr. This cyclic process including freezing and thawing was repeated for 5
times. Finally, prior to the release test, the ferrogels were washed five times and then

immersed in the water for 24hr to completely remove DMSO.
6.3 Role of iron oxide content

According to our pervious study [Liu, 2006], it was found that the larger magnetic
particles exhibited better magnetic-sensitive behaviors. Therefore, magnetic particles
with size between 150 to 500 nm were employed in the present investigation. Table
6.1 gives a series of resulting average P values of the ferrogels with a number of

Fes04 concentrations at a given amount.of PVA concentration.

Table 6.1 Average permeability coefficient. (P) of the ferrogels at a given
magnetic field

Ferrogels PVA  Fe;04 Pon ° Porr © Porr-on °
Pure PVA10 10 -- 5443 5415 0
PVA10-MP3.75 10 3.75 12316 17219 49
PVA10-MP8.5 10 8.5 8619 170+5 84
PVA10-MP17 10 17 5419 161+12 107
PVA10-MP25.5 10 25.5 43111 15415 111
PVA10-MP34 10 34 3115 14117 110
PVA10-MP51 10 51 4048 13119 91
PVA10-MP68 10 68 4516 11715 72

@ (w/v)% means the weight/volume percentage (weight of PVA or Fe304 particles / volume of DMSO (v),
ex. 1g of PVA and 10 ml of DMSO is 10 (w/v)% of the column of PVA (w/v)%.

bAverage permeability coefficient (10'6 cmz/min) at magnetic fields switching "on" (MF ON) (n=3)

° Average permeability coefficient (10'6 cm2/min) at magnetic fields switching "off" (MF OFF) (n=3)

d Magnetic sensitive behaviors: average permeability coefficient (10'6 cmz/min) at MF OFF-Average

permeability coefficient (10® cm®min) at MF ON. (n=3)

88



The influence of Fe3O4 concentration is then constructed into Fig.6.4-(a) with
respect to a corresponding change of the P value upon on-off operation of the MF. As
shown in Fig. 6.4-(a), as the Fe;O4 nanoparticles were added into the PVA, the P
value was much increased compared to that of pure PVA. It was found that the P
value in the ferrogel membrane with only 3.75 w/v% Fe3O4 is more than 3 times
permeable to vitamin B4, than that of pure PVA in the absence of MF. However, with
the increase of Fe3O4 addition, the P value decreased linearly and slowly with Fe304

concentration in the absence of magnetic fields (Porr).

In contrast, the drug permeation in the presence of magnetic fields (Pon)
decreased rapidly with Fe3O4 up to 34%, then, increased slightly with further increase
to 68%. A plethora of Fe3O4 (51% and 68%) added in the PVA hydrogel caused a
phase separation of PVA to form broken pores; Pon thus increased slightly in the later
half. It was believed that there exists a relationship between the P and H value of the
drug inside the membrane (see Eq. (3.5), where P=DH). As illustrated in Fig. 6.4-(a),
when a smaller amount of 3.75 w/iv% FezO4 particles was added into PVA (ex.
PVA10-MP3.75), it caused a considerable increase (2.3 times) in the H value (0.125)
compared to that (0.055) in the pure PVA-hydrogel. It is then suggested that the
addition of iron oxide nanoparticles.in.the membrane may induce higher porosity to
promote the ability of drug absorption of the ferrogel. However, it was observed that
the H value decreased with increasing Fe;O,4 contents. Especially in the presence of
MF, the decrease in the H value becomes more remarkable compared to that in the
absence of MF. The decreased H value in the presence of MF is probably related to
the shrunk volume of ferrogels induced by FeszO4 nanoparticles aggregation to further
decrease the pore size and porosity. From above-mentioned results, it can be inferred
that the magnetic-sensitive behaviors, i.e., the difference in the P value between MF
‘on” and “off” modes were primarily affected by the change of H and D value,
especially D value (for the concentration of 34%, APogrr.on/Pore = 110/141 = 0.78,
whereas AHorr.on/Horr = 0.01/0.11 = 0.09). The influence of Fe3;O4 concentration
value on the corresponding change of D value is then constructed into Fig.6.4-(b)
upon on-off operation of the MF (Don and Dorf). It could be found that the D curves

show similar trend to the P. The D value decreased slightly with Fe;04 concentration
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in the Don, but decreased rapidly with Fe3O4 up to 34%, then, increased slightly with
further increase to 68% in the Dorr. A plateau of magnetic sensitive behavior (D without
mr- D with mr) was found in the range of 17 and 34% Fe304. It means the drug inner the
ferrogel was obstructed more strongly in this range, rather than the others, ex. 8-17%
and 34-68%. The vale of D would be used to determine how the interaction between
neighboring Fe304 to hinder the drug diffusion was. Therefore, the diffusion coefficient

(D) will play a rather important role to evaluate the behavior of drug inner the ferrogel.

In addition, as shown in a magnetic-sensitive behavior map of Fig. 6.4-(c), it
showed an increase with Fe3O4 until 17%, indicating the region of increasing
sensitivity (Region A). Subsequently, a plateau profile is reached while Fe;Oy is lying
between 17 and 34%, indicating the magnetic-sensitive behavior reaching a
saturation region (Region B). However, the magnetic-sensitive behaviors decreased
with further addition of Fez04 up to 68% (Region C), indicating a decreased sensitivity
to a given magnetic stimulation? “These:, results indicated that the best
magnetic-sensitive behaviors occur forithe 10% PVA-ferrogels with 17-34% Fe3;04
concentration. As the P value, the value of D also"displayed the similar curves, as

shown in Fig. 6.4-(c).
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Fig. 6.4 (a) Both permeability coefficient (P) and partition coefficient (H) of
ferrogels in “on” or “off” mode of a given magnetic field; (b) Diffusion
coefficient (D) of ferrogels in “on” or “off” mode of a given magnetic
field.; (c) Magnetic-sensitive behaviors of ferrogels with different Fe3;04
concentration; Region A: Region of Increasing “Sensitivity”; Region B:
Saturation Region; Region C: Region of Decreasing “Sensitivity”
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6.4 Effects of space restriction

The reason for such a dependence of Fe3O4 concentration on the evolution of the
magnetic-sensitive map may be accountable for as a result of space restriction and
magnetization. In Fig. 6.5-(a), where a model with a fixed volume of the unit cell is
adapted for schematically illustrating the spatial arrangement of the magnetic particles
(presumed to be uniformly distributed) in the ferrogels (namely PVA10-MP17,
PVA10-MP34 and PVA10-MP68). Here, the SEM cross-sectional image of the
PVA10-MP17, PVA10-MP34, and PVA10-MP68 ferrogels, Fig. 6.5-(b), in
corresponding to model in Fig. 6.5-(a) shows that the magnetic particles are
well-dispersed in the PVA hydrogel, and it seems to be intertwined with Fe3O4
particles. The volume fraction, V, (Fe,O,)of FesO4 particles in the ferrogel and the
number of Fe3O4 particles for unit volume of the ferrogel ( No.(Fe,0,)) in the unit cell

can be calculated as follows:

w /
V, (Fe,0,) = —Fe0: 80 13804 (Vi %) 6.1)
ferrogel
V; (Fe;0,) .
No.(Fe,O,) = W (no-FesOalper unit cell) (6.2)
ar

where pe, ., is the density of Fe;O4 particles (5.2 glcm?®); Wk, o, means the total
addition weight of the Fe3zO, particles in the ferrogel. Therefore, W, / e, =Vee o,
represents the total volume of Fe;O, in the ferrogel. 4/3nr® indicates the volume of a
Fes;0, particle if the particle is assumed to be spherical. The total number of the Fe;O4
particles is V¢, /4/3nr® where r is the radius of the iron oxide particle and is assumed
to have an average diameter of 250 nm, i.e., r = 125 nm. For the PVA10-MP17
ferrogel, there are 17.1 Fe304 particles in the unit cell (1 pm®), 33.3 Fe;0, particles in
the PVA10-MP34 ferrogel, and 58.7 Fe;O,4 particles in the PVA10-BM68 ferrogel,
which are schematically shown in the Fig. 6.5-(a). In order to conveniently and clearly
express the relative number of the Fe;O,4 particles in a basic unit cell, a model unit cell
with a volume of 600 nm® was used, as displayed in Fig. 6.5-(a), and there are ca.
3.69 Fe304 particles in the given volume of the model cell for PVA10-MP17 ferrogel,
719 and 12.69 Fe3O, particles for PVA10-MP34 and PVA10-MP68 ferrogels,
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respectively. Furthermore, V represents the bulk volume of the ferrogel

Ferrogel

determined by the length, width, and thickness of various ferrogels.

(@)
PVA10-MP17 PVA10-MP34 PVA10-MP68

The most suitable distances
between particles and particles

Fig. 6.5 (a) Models of the unit cell (600nm?) of PVA-based ferrogels which Fes;O,4
particles distributed; (b) SEM cross-section image of PVA10-MP34
ferrogel. (c) Schematic drawing of the relationship of
surface-to-surface distance between two neighboring particles (d) and
available free volume (Viree)
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In addition, the average porosity (%) of these ferrogels can be measured by a
pyconometer and calculated by Eqgs. (3.7)-(3.9), where the porosity in the ferrogel
decreased with increasing Fe3O4, as illustrated in Fig. 6.6-(a). This indicates that
increase in the concentration of Fe3O4 caused a reduction of porosity, and the lower
porosity will slower the permeation rate of the model drug in the absence of MF, i.e.,
MF “OFF”. Moreover, it was found that the porosity of the ferrogel decreases linearly
with the volume fraction occupied by iron oxide. The variation of those two parameters

can be fitted by following equation:
Porosity(%) + V. (Fe,0,) (v/v%) + x=100%

where x = 33.6 (+/- 1.8) % may be interpreted as the volume fraction of organic matrix
(i.e. PVA, and DMSO)
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Fig. 6.6 Comparison of (a) porosity (%), volume fraction of Fe;O, particles

(V; (Fe;0,) and magnetization (Ms); (b).both available free volume (Vrec)

and interaction energy (Eint) of ferrogels dependence of various Fe;O4
concentrations

Although greater amount of Fe;O, particles can increase the magnetization of the
ferrogel, the space available for the FeszO4 particles to freely move (defined as
available free volume (Viee)) Will correspondingly decrease. While the available free
volume for the Fe3O4 particles is too small, it will inhibit the movement of the Fe304
particles in the unit cell, thus, the magnetic-sensitive behavior will decrease even

though those particles exhibited high magnetization (Ms).

The available free volume of each magnetic particle can be calculated by Eq.
(6.3):

Porosity (%) XV g
Available free volume (Vfee) = (6.3)
No.(Fe,O,)

As given in Fig. 6.6-(b), Ve is decreased in a power-law-dependent manner with
increasing Fesz04 concentration. Viee in the PVA10-MP3.75 ferrogel (33.88 pm3) is
about 30 times higher than that in the PVA10-MP68 ferrogel (0.95 um?), calculated by
Eq. (6.3).
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6.5 Effects of magnetization

In regard to the magnetization of the Fe;O, in the ferrogels, the interaction energy
(Eint) between two particles with identical moment magnetization (Ms) can be given as
follows [Chatterjee, 2002; Dai, 2000]:

E o Ms? (3cosy, cosy, — CoSa)
int 3
o

(6.4)

where & (um) is the center-to-center distance between two neighboring particles,
which is calculated by (d + 2r); ris the average radius of Fe3O4 particles (ca. 125 nm);
d is the surface-to-surface distance between two neighboring particles; y1 and y.are
the angles between 5 and two moments, respectively; a is the angle between the two
moments. However, d is hardly precisely measured. Therefore, a rough measurement
was performed by SEM as observed in Fig.2-(b). For example, the average d value in
the PVA10-MP34 ferrogel was about 1 um that is approximately the same order of
magnitude to that (0.75 um) calculated from the following presumed model (see Fig.

2-(c) and Eq. (10)). From the schematic:drawing, it can be found that Vs.e is equal
to%[ (d+r) —r3].

Therefore,

3 1/3
d:(—vfree + rs) -r (6.5)
Arx

Therefore, the average distance (d) between particles will be used in this work to
evaluate the Ejr. The Ms of various ferrogels was measured by a vibrating sample
magnetometer (VSM, Toei VSM-5, USA). The Ms increased with the Fe3O4 addition,
as illustrated by the magnetization curves in Fig. 6.7 Further, (3 cosycosyz-cosa.and
other interrelated factors were hypothesized as constant (¢). Hence, to combine Eq.(9)
with Eq.(10), the interaction energy (Eint) can be well characterized using Eq.(6.6)

2

The Ei.+-Fe3z04 concentration correlation, shown in Fig. 6.6-(b), shows that the

(6.6)

interaction energy is increased, followed by a power-law dependence, with increasing
Fesz04 concentration. The interaction energy in the PVA10-MPG68 ferrogel (865.68
emu?/pm>x¢) is about 3150 times higher than that in the PVA10-MP3.75 ferrogel (0.27
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emu?/um>x¢), as shown in Fig. 6.6-(b).
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Fig. 6.7 Hysteresis loop analysis of the ferrogels incorporated with various
Fe3;0,4 additions measured by VSM

Based on these calculations,it:is clearly demonstrated that the lower Fe;O4
concentration leaves larger Viee but poorer interaction energy between the particles in
the ferrogels, and vice versa, for the ferrogels with higher Fe;O4 concentration.
Therefore, the “optimal” magnetic-sensitive behavior is virtually interplaying between
the Viee and the interaction energy in the ferrogels. The concentration of the Fe;O,4 for
the optimal balance between the two factors can be obtained from the intersection of
two power-law-dependent curves in Fig.6.6-(b), where an amount of between 30-34%
of the Fe3O4 was derived. This concentration range is exactly located within the
saturation region of the magnetic sensitivity map (Region B) shown in Fig. 6.4-(c). It
can be anticipated that the ferrogels with FezO4 concentration in the range of 30-34%
offers the best spatial configuration of the particles in the unit cell model facilitating
both Viee and magnetization. By translating to what experimentally observed, the
PVA10-MP34 ferrogel does display the optimal “opening-&-closure” configuration with

respect to “on-off’ MF operation and also illustrated the best magnetic-sensitive
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behavior, as evidenced in Fig.6.4-(a). In other words, the magnetic particles
distributed in the PVA10-BM34 ferrogel presents the best spatial configuration for

optimizing both Ve and magnetization among the other compositions.
6.6 Role of PVA content

Since the “closure” and “opening” configurations of the ferrogels are dependent
solely on the operating mechanism of both magnetic particles and the polymeric
phase, i.e., PVA, under the action (ON mode) and removal (OFF mode) of the
magnetic field. The polymeric phase is virtually a passive phase that intimately
associated with the movement of magnetizing or de-magnetizing Fe3O4 nanoparticles
in the ferrogel. However, PVA addition reduced the porosity and formed more rigid
ferrogels and thus, the drug-permeation rate, corresponding to P value, will surely
reduce under on-off operation of the magnetic field. Thus, the change in the
concentration of the polymeric phase in the ferrogels will affect its ability to effectively
enclose and release an active ingredient.from the ferrogels under a fixed amount of
Fes04 concentration in a given strength of magneticfield. To elucidate the influence of
the PVA on the magnetic-sensitive behavior in the ferrogels, PVA concentrations of
5%, 7.5%, 10%, and 12.5% were selected for the ferrogels with 17% and 34% Fe3;04
nanoparticles (hereinafter termed 17% ‘and"34% Fe3;04 ferrogels), which has been
shown in Fig.6.4-(b) to exhibit stable and excellent magnetic-sensitive behavior
(Region B).

Figures 6.8-(a) & (b) show the variation of P value of the ferrogels before (i.e.,
MF’OFF”, Porr) and after (MF"ON”, Pon) an MF operation. For 17% FesO4 ferrogel,
that the value of Porr decreased sharply with increasing PVA concentration [see Fig.
6.8-(a)], but Pon decreased slowly with PVA concentration. In addition, the change in
the P value with respect to the PVA concentration for 34% Fe3;0, ferrogels exhibits
similar trend before (MF’OFF”), and after (MF’ON”) magnetization. However,
compared with 17% Fe3z04 ferrogels, Pon of 34% Fe304 ferrogels decreased slightly
(followed by a power-law dependence) with the increased PVA concentration, in Fig.
6.8-(b). It displays a “saturation” region while increasing PVA over the range of

10-12.5%, implying the best “closure” configuration in this system is lying between 10
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and 12.5% PVA content. According to these findings, it can be found that the magnetic
sensitivity is decreased considerably and linearly with increasing PVA concentration
for the 17% Fe304 ferrogels but decreased relatively slowly for the 34% Fe30Oq4
ferrogels as shown in Fig.6.8-(c), indicating that the magnetic sensitive behavior of the
ferrogels is proportionally decreased by the addition of PVA. However, the effect of
PVA appears to be less pronounced in the 34% Fe304 ferrogel, since its magnetic
behavior does not display remarkable fluctuation or change with increasing PVA as

compared to that with 17% Fe30O4 ferrogel.

The above-mentioned results can be further explained in terms of the effect of
space restriction and magnetization, as illustrated in Fig. 6.8 for 17% and 34% Fe304
ferrogels, respectively. PVA addition in both ferrogels (i.e., 17% and 34% Fe3;0,) leads
to a reduction in both Ve (calculated using Eq. (6.3)) and the interaction energy (Eint).
Consequently, P value under MF “OFF” is decreased sharply. In the meantime, it also
reveals a reduction in the permeation rate'.of the drug from the ferrogels with
increasing PVA under MF “ON” operation-due to lower porosity, and these have been
experimentally supported in Fig.6.8-(a) and 6.8-(b). It is evidenced that increasing
PVA not only reduces Viee butialso weakens Eij of the magnetic particles in the

ferrogels. Therefore, both V.. and Eispare decreased linearly with PVA concentration.
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Fig. 6.8 Permeability coefficient of various PVA addition in “on” or “off” mode of
a given magnetic field with (a) 17% Fe3;04 contents and (b) 34% Fe304
contents; (c) Comparison of magnetic sensitive behaviors between
17% and 34% Fe3;04 contents

In addition, 17wt% series ferrogel exhibited better magnetic sensitivity in the
lower concentration region of PVA (ex. 5wt% PVA) compared to 34wt% series

ferrogel, because the Viee Of 17Wt% (7.3 um?®) is larger than that of 34wt% (3.1 um?),
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as shown in Fig. 6.9. It means that iron oxide is easier to move in the 17wt% series
ferrogel than that in the 34wt% series. However, the interaction energy (Eint) of 17wt%
series ferrogel (15.6 emu?/um>¢) is much smaller than that of 34% series (224.8
emu?/um>p). Therefore, Ei; value in the 17wt% series might be not large enough for
magnetic sensitivity with higher PVA addition, which is the reason that the magnetic
sensitivity decreased so sharply in the 17wt% series. In contrast, 34wt% series
ferrogel displays smaller Viee but higher Ei, which means they exhibit a higher Ej
but limited Vee. That is why the magnetic sensitive of 34wt% series is higher than
17wt% series (higher Ej,; and lower Vi), although both factors of 17wt% and 34wt%

series were decreased with increasing PVA.

Moreover, as compared to Fig. 6.6-(b) with an increase of Fe;O4, Eint increased
but Viee decreased, it is clear to realize that both the Fe;04 and PVA constituents play
different roles for drug permeation behavior and magnetic sensitive behavior of the
resulting ferrogels. Accordingly, the resulting ferrogels can be manipulated externally
and magnetically with a precise control of, the opening and closure of pore

configuration within the network structure of the ferrogels.
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Fig. 6.9 Correlation of both available free volume (Vee) and interaction energy
(Eint) in the ferrogels between 17% Fe3;04 and 34% Fe304 contents
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6.7 Melting temperature (T,,) of PVA ferrogel

For further comparison, by taking PVA10-MP17 and PVA10-MP34 ferrogels in the
Fig. 6.8-(c) as example, the selection is based on the magnetic-sensitive behavior
map of “saturation” region, illustrated in Fig.6.4-(c) because they have similar
magnetic-sensitive behavior. It can be observed that PVA10-MP34 ferrogels exhibit
better “close” configuration than PVA10-MP17 ferrogels due to the lower porosity and
more elastic properties and rigid body as evidenced by a comparison of melting
temperature (Tn,) in the PVA10-MP17 and PVA10-MP34 ferrogel by DSC (Diamond,
Perkin-Elmer), as illustrated in Fig. 6.10. The value of T, increases with the increase
the concentration of Fe;0,4 particles (pure PVA10 (219.2°C) < PVA10-MP17 (223.9°C)
< PVA10-MP34 (225.8 °C)) which is probably related to the interaction of Fe3O, and
PVA.

219.2°

Pure PVA

" PVA10-MP17

Heat Flow (mWI/qg)

190 200 210 220 230 240
Temp. (°C)

Fig. 6.10 Comparison of melting temperature (T,) in the pure PVA10,
PVA10-MP17 and PVA10-MP34 ferrogel by DSC

6.8 Other applications (Arrangement nanoparticles in the ferrogel)

The main purpose of the present work was to establish the effect of various direct
of magnetic fields on the drug diffusion behavior. We have prepared PVA networks

loaded with randomly and vertically, parallelly distributed iron oxide nanoparticles,
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modulated by random and uniform magnetic field (vertical and parallel direction), as
illustrated in Fig. 6.11. Fig. 6.11-(a) represents that the arrangement of iron oxide
nanopartices of ferrogel is parallel to the direction of magnetic field; whereas that is
“vertical” to the drug diffusion direction, and Fig. 6.11-(b) illustrates that the
arrangement of iron oxide nanopartices of ferrogel is vertical to the direction of
magnetic field; whereas that is “parallel” to the drug diffusion direction. In addiiton, the
drug diffusion behavior was described in Fig. 6.12. The result shows that the drug
diffusion rate would change with different the arrangement of iron oxide nanoparticles,
implying the parallel direction exhibits the highest rate of drug diffusion whereas the
vertical direction is lowest. It demonstrated that the drug might be restricred and thus
difficult to pass through in the vertical ferrogel, but it is freely flowing in the parallel
ferrogel. Therefore, it was anticipated to control the arrangement of iron oxide
nanoparticles in the ferrogel could modulate the drug diffusion rate. It would be useful

for the application in the dialysis membrane by magnetic field controlling.

(a) N ()
’ R ~  (Parallel)

electromagnet

Fig. 6.11 Schematic representation of the experimental set-up for ferrogel
preparation under uniform magnetic field: (a) & (a1) drug diffusion
direction is vertical to the arrangement of iron oxide nanopaticle; (b) &
(b1) drug diffusion direction is parallel to the the arrangement of iron
oxide nanopaticle [Varga, 2006]
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Fig. 6.12 Drug diffusion behavior in the various ferrogel; random, vertical and
parallel means the arrangement of iron-oxide nanoparticle is random,
vertical and parallel to thedrug diffucion direction, respectively
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Chapter 7
Thermo-sensitive Ferrofluids

7.1. Introduction

Recently, ferrofluids are widely employed in the fields of biology and biomedicine
such as enzyme and protein immobilization, genes, radiopharmaceuticals, magnetic
resonance imaging (MRI), diagnostics, immunoassays, RNA and DNA purification,
separation, and targeting drug delivery devices [Mak, 2005; Kim, 2002]. In order to
develop functional nano-sized magnetite particles, a stable dispersion of the magnetic
nanoparticles in organic or aqueous media are critically required an effective surface
modification with organic compounds or polymers as dispersing agents. A delicate
balance of hydrophilicity/ hydrophobicity in the polymer structure is responsible for
exhibiting a lower critical solution temperature (LCST) phenomenon or critical
micellization temperature (CMT). A series of: tri-block copolymers composed of poly
(ethylene oxide)-poly (propylene axide)-poly (ethylene oxide) (Pluronics) are a kind of
temperature-sensitive polymers; and they~also demonstrate reversible solution
transition behaviors in aqueous solution [Bromberg,~2003 & 2004]. Consequently, the
novel thermo-sensitive ferrofluids that combine Pluronics-based-polymers (Pluronics
F127) with magnetite nanoparticles could lead to a temperature responsive drug
carrier system, because the magnetite would provide a source of heat in the

alternating magnetic field by hyperthermia [Park, 2005].
7.2 Fabrication of thermo-sensitive ferrofluids

The stable thermo-sensitive ferrofluids was synthesized using the method of
in-situ co-precipitation of Fe(ll) and Fe(lll) salts in the presence of Pluronic F127
(F127, Sigma). In this process, 0.05g of F127, 1.35g of FeCls;-:6H,O (5mmol,
Riedel-deHaén), and 0.498g of FeCl,:4H,0 (2.5mmole, Fluka) were dissolved in 50
ml of water with vigorous stirring at 60°C. Then, the ammonia solution (33%,
Riedel-deHaén) was quickly added to the reactor and stirred until pH arrives 10,
followed by hydrothermal treatment at 80°C for 30 min. After washed five times,
filtrated, and freezing-dried, core (magnet)-shell (F127) nano-magnetic-particles

(NMPs) were successfully prepared. Finally, the 1g of core-shell NMPs were
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dispersed in the 10 ml of 40% (w/v) F127 aqueous solution (pure F127-fluids,
dissolved at 4°C beforehand) by sonication at 4°C for 6 hr. The well-dispersed
thermo-sensitive ferrofluids were fabricated. Besides, FesO4s NMPs (diameter ca. 5-10
nm) fabricated by in-situ co-precipitation process would be used for reference [Mak,

2005].
7.3 Characterization of thermo-sensitive ferrofluids

TEM photos (JEOL-2000FX) in Figure 7.1-(a) show the core-shell structure of
magnet-F127 NMPs. According to the TEM photos, the average thickness of F127

layers was found to be 1-2 nm, and the magnet diameter was about 5-7 nm.
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Fig. 7.1 (a) TEM photo of core-shell NMPs; (b)XRD pattern of core-shell NMPs.;
(c) Magnetization curve of core-shell NMPs using VSM

Moreover, it was found in the XRD (Rigaku) pattern [Fig. 7.1-(b)] that six
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diffraction peaks at 20= 30.1°, 35.6°, 43.3°, 53.5°, 57.2° 62.9° are the characteristic
peak of standard Fe;O4 crystal. Hence, the resulting magnet NMPs can be defined as
FesO; NMPs. An additional diffraction peak at ca. 20= 32.3° was detected in the
NMPs, which is a characteristic peak of standard Fe,O3 crystal, indicating a small
amount of Fe;O3 was associated with the core-shell NMPs but the superparamagnetic
behavior of the core-shell NMPs was not affected. Furthermore, the pure F127
showed two characteristic peaks at 20= 18.8°, and 23.1°, indicating that the F127
displays high degree of crystallization. However, the core-shell NMPs exhibits a broad
diffraction pattern peaked at 21°, which is believed due to a too thin layer of F127 to
be more difficult to crystalize or subjecting to a much slower crystallization of the F127
lattices. In addition, Figure 7.1-(c) shows that FesO4s NMPs display a magnetization
(Ms) (60.9 emu/g), which is higher than core-shell NMPs i.e., Ms (28.4 emu/qg),
measured using the vibrating sample magnetometer (VSM, Toei VSM-5). An
incorporation of the F127 may cause damages in some domains of Fe;O4 resulting in
a decreased Ms. From these results, it can'be confirmed that F127 is truly existed

around Fe3;04 nanoparticles.
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Fig. 7.2 DSC heating and cooling scans of pure F127-fluids and F127-ferrofluids

Figure 7.2 shows the DSC (Perkin Elmer, Diamond DSC) spectra with heating
and cooling thermograms (5°C/min) for both pure F127-fluids and F127-ferrofluids
with a process of the gellation and liquefaction, respectively. An endothermic peak of

pure F127-fluids and F127-ferrofluids in the heating run was detected which is due to
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the aggregation transition (gel formation) of these two fluids in aqueous suspension.
Such aggregation is caused by the temperature sensitivity of the PPO segments of
the Pluronic that being anchored to the gel network. Much like the un-cross-linked
Pluronic, polymers can form intra- and intermolecular micelle-like aggregates due to
the hydrophobic interaction [Bromberg, Langmuir, 2004]. The gellation started at
21.8°C and maximized at 32.5°C for pure F127-fluids, and it commenced at 22.8°C
and maximized at 35.6°C for F127-ferrofluids. It is more difficult to identify where CMT
point is with so broad peak. In this case, the exothermic peak in the cooling run, i.e.,
melting thermospectrum, can be used to identify the CMT, due to its sharper peak.
The liquefaction started at 24.9°C and maximized at 21.4°C for pure F127-fluids, but
commenced at 28.5°C and maximized at 23.5°C for F127-ferrofluids. Therefore, CMT
of the pure F127-fluids can be defined in the range of 21-25°C, which is similar to
literature data [Bromberg, 2003]. However, it is lower than the CMT of F127-ferrofluids
in the range of 23-28°C. The reason. that'CMT, point shift was that core-shell NMPs
might play a role of cross-linked point, and hence increased CMT point. Similar results

can be found in PNIPAAm /clay systems [Haraguchi; 2002].

The thermo respose behavior of ferroftuid-by temperature incrase was illustrated
in Fig. 7.3. It was found that the ferrofluid (liquid state, Fig. 7.3-(a)&(b)) transferred
rapidly to ferrogel (gel state, Fig. 7.3-(c)&(d)) while the temperature from 4 to 30°C for

5min. It demonstrated that the thermo sensitive ferrofluids could transfer to ferrogel

very rapidly.
Low Temp. (4°C) High Temp. (30°C)
0 min > 5 min

A
Liquid state gel state
(Ferrofluid) (Ferrogel)

Fig. 7.3 Series image of thermo response behavior of ferrofluids: (a)&(b) liquid
state (ferrofuids); (c)&(d) gel state (ferrogel)
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In addition, a model drug can be dispersed homogenously in F127-ferrofluids
below CMT, and then encapsulated into F127-ferrogel above CMT, and higher drug
uptake was obtained. Moreover, it could be anticipated that the temperature increased
of F127-ferrofluids modulated by hyperthermia of magnetic nanoparticles in external
alternating magnetic fields [Park, 2005] can transform to F127-ferrogels. The further

investigation is now in progress in our group
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Chapter 8
Thermal and Magnetic Nano Ferrospheres

8.1 Introduction

Drug carriers that are responsive to external stimuli, such as temperature, pH,
light, mechanical signal, electric field, and magnetic fields have received great
attention in recent years [Kim, 2002; Zhang, 2004; Chiu, 2005; Lu, 2005; Qiu, 2001,
Etrych, 2001; Chen, 2004; Murdan, 2003; Mamada, 1990]. A wide variety of materials,
such as carbon nanotubes, dendrimers, biodegradable nanoparticles (PLGA or PLA),
lipid vesicles (micelles), and gold or magnetic nanoparticles have been employed as
matrix materials to deliver drugs. Among them, magnetic nanoparticles (MNPs)
provide more interesting opportunities since they can be effectively activated in a
controllable manner through a non-contact stimulus [Kohler, 2006], as compared with
other materials. Although gold nanoparticlesialso displayed a similar inductive heating
ability by infrared light stimulus, the manipulation and heating ability of magnetic
nanoparticles were superior to those of the gold nanoparticles. The ability of magnets
to convert magnetic energy into-heat by the hysteresis effect has been known for a
long period of time [Kim, 2005]; for instance, the ability has been used as antenna
material for inductive heating in anti-tumor therapy, but the efficiency has not been as
good as desired without combining inductive heating with drug delivery. In order to
enhance the tumor-inhibition ability, the combination of the heat transfer and drug
release in nanoparticles will be more interesting. In our previous work, we developed
magnetic hydrogels (ferrogels) [Liu, 2006 & 2008; Hu, 2007] and magnetically
sensitive nanospheres for controlled drug release by a high-frequency magnetic field
(HFMF) [Hu, 2007 & 2008]. However, the silica seems to be a thermally insensitive
material, and it was believed that the nanostructure did not change with temperature
increases. In order to accelerate the rate of drug release, a thermo-sensitive polymer
was used in this system because it exhibited a huge volume change when the

temperature was increased [Choi, 2006].

A number of polymeric materials are known to exhibit a discontinuous change of

properties when subjected to a temperature change [Choi, 2006; Schmidt, 2007,
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Coughlan, 2004; Bhattacharya, 2007; Li, 2006; Bae, 2007; Desai, 2001]. Some of
these systems, e.g. thermo-reversible gels, have been based on the existence of a
lower critical solution temperature (LCST), or critical micellization temperature (CMT),
and have wusually been applied as intelligent drug carriers [17-23].
Poly(N-isopropylacrylamide) (PNIPAAmM), poly(ethylene glycol)-poly(lactic
acid)-poly(ethylene  glycol) triblocks (PEG-PLA-PEG), and poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblocks have
been among the most important reverse thermal gelation-displaying polymers. These
triblocks, especially Poloxamer 407, also known by the trade name Pluronic® F127
(PEO100-PPO65-PEO100), have been investigated for wound covering and
controlled drug delivery. Furthermore, Pluronic® series copolymer has excellent
biocompatibility and is one of the very few synthetic polymers approved by the US
Food and Drug Administration (FDA) for use as a food additive and pharmaceutical
ingredient [Bae, 2007; Desai, 2001].. Pluronic® series copolymer is also a potential

candidate for biomedical applications.

In the present work, a dual-functional hanoparticle was developed by integrating
a nanomagnetic core with a shelllayerof thermo-sensitive hydrogel to encapsulate an
anti-cancer agent. Inductive heat was generated in the presence of HFMF. When
heated, the thermo-sensitive polymer collapsed around the iron oxide nanoparticles,
inducing an accelerative drug release. In recent years, some researchers [Zhang,
2007; Chen, 2007; Deng, 2005; Detlef, 2006] have reported that dual-functional drug
carriers included magnetic/thermal sensitivity, but few reports emphasized the
controlled drug release using HFMF. In addition, raising the temperature of the drug
carriers from the surrounding heat source has been insufficient; a better alternative
would be to supply the heat source by the drug carrier, e.g., the inductive heating
effect induced by HFMF to a magnet core. This type of drug carrier can have great

potential for disease treatment.

Moreover, the use of high-frequency magnetic stimulus can also achieve an
“‘instantaneous” burst release of drug by the rapid heating to induce an instant
shrinkage of the F127 hydrogel. Choi et al. [Choi, 2006] reported that Pluronic/Heparin

nanocapsules exhibit a 1000-fold thermally reversible volume transition when the

111



temperature changes from 25 to 37°C. The violent volume-shrinkage would induce a
rapid drug release. Therefore, the combination of magnetic and thermal properties
would be a very interesting alternative for tumor therapy. Here, we developed a novel
Pluronic®/iron oxide magnetic nanoparticle formulated by an in-situ co-precipitation
process and evaluated it as a drug carrier. The proposed synthesis process of
F127-MNPs is depicted in Fig.8.1-(a) and is characterized by transmission electron
microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), spectrofluorophotometry (PL), and dynamic light scattering
(DLS). Thereby, we demonstrated an approach to form water-dispersible and
magnetic/thermo-responsive nanoparticles formulated with F127 and iron oxide

nanoparticles, which can be applied to the biomedical devices, such as drug carriers.
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Fig. 8.1 Diagram showing the proposed synthesis process of F127-MNPs: (a1)
F127/iron salts nanosphere formation by sonication; (a2) F127-MNPs
formation after adding ammonia solution to pH=10; Proposed
mechanism for drug encapsulation and delivery process of F127-MNPs

by HFMF: (b1) Drug diffuses into the nanospheres at lower temperature

(4°C, swelling state); (b2) Slight volume shrinkage and drug
encapsulated in the nanospheres after slight heating to 15°C; (b3)

Sharp volume shrinkage with accelerative drug release under HFMF

treatment
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8.2 Fabrication of Pluronic® F127 ferrosphere

Nanospheres of Pluronic® F127 (F127) and magnetic nanoparticles (F127-MNPs)
were synthesized using an in-situ co-precipitation of Fe(ll) and Fe(lll) salts in the
presence of Pluronic® F127 (F127, Sigma). In this process, the optimum ratio of iron
oxide precursor and F127 hydrogel was described. 0.05 g of F127, 5 mmol of
FeCl;6H,0 (Riedel-deHaén), and 2.5 mmole of FeCly'4H,0 (Fluka) were dissolved in
50 ml of water while being vigorously stirred at 60° C. The dissolved solution was
sonicated by a horn-type ultrasonic homogenizer (VC-500 watts, Cole-Parmer
Instruments, USA) operating at a constant frequency of 20 kHz for 10 min. Then,
Pluronic® F127/iron oxide salt nanospheres were prepared, as shown in Fig. 8.1-(a1)
(where pure F127 nanospheres (appropriate size: 10-30 nm) were made in a similar
process with sonication). Later, the pH was adjusted to 10 by adding ammonia
solution (33%) to the reactor while stirring. This 'was followed by heating to 60°C,
where it remained for 30 min. After'washing five times with phosphate buffered saline
(PBS, pH 7.4), subsequent filtering by Acrodisc®.syringe filters (Aldrich, diameter 25
mm, pore size 0.2 ym), and vacuum-drying, F127-MNPs were then successfully
prepared, as shown in Fig. 8.1-(a2).

Doxorubicin (DOX, MW: 580, Sigma, USA), a well-known anti-cancer drug, was
used as a model molecule. DOX was employed because of its amphoteric
characteristics; it can dissolve in an aqueous environment (ca. 10 mg/ml) or in an
organic solvent (high solubility in methanol and chloroform). For incorporation in the
F127-MNPs, 2 ml of an aqueous solution of DOX (2 mg/ml) was added drop by drop
to 3 ml of an aqueous dispersion of F127-MNPs (100 mg of particles in the 3 ml PBS
solution) while stirring. Stirring was continued overnight at 4°C to allow the drug to
disperse into the F127-MNPs (see Fig. 8.1-(b1)). Because the F127-MNPs exhibit
swelling at lower temperatures (4°C), DOX easily diffused into the ferrospheres. Then,

DOX was well encapsulated under 15°C (the collapsing state was at a higher
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temperature, which formed the protecting-like layer (skin layer) and prevented drug
escape), as shown in Fig. 8.1-(b2). Then, drug-loaded ferrospheres were separated
from the un-entrapped drug using a magnet. F127-MNPs were washed three times by
being re-suspended in distilled water and separated, as described above, using the
magnetic field. The resultant samples were dialyzed by a dialysis membrane with an

MW cutoff at 14,000 and stored at 4°C before the nanospheres were used.
8.3 Morphology and Characterization of F127-MNPs

Morphology of F127-shell MNPs was examined by TEM (JEM-2010, JEOL,
Japan). Figure 8.2-(a) shows the TEM images of pure F127 nanospheres, displaying
a ring-like structure, which was a phenomenon due to the block-copolymer (Pluronic®
F127) self-assembly. After the precursors of Fe(ll) and Fe(lll) salts and the ammonia
solution were added, the iron oxide nanoparticles started to form by co-precipitation.
Figure 8.2-(b) shows that well- dlstnbuted F127 MNPs have a spherical geometry of
‘“solutlon TEM [Fig. 8.2-(b1)], the iron

oxide nanoparticles were encapsulatqd in the mterror region of F127 nanospheres,

10-20 nm in diameter. Moreover,,under hgh‘:j:“

and it was a crystalline structure [m the‘ lnsert Fjg 8 2-(b2)]. In addition, the selected
area diffraction pattern of the F127 shell MNPs showed five planes, namely, [220],
[311], [400], [511], and [440], indicating the presence of iron oxide nanoparticles, as
well as an amorphous phase, e.g., cloudy ring (see Fig. 8.2-(b3)). This again suggests

that the iron oxide nanoparticles were encapsulated by F127 hydrogel.
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Fig. 8.2 TEM image of the morphology of (a) Pure F127 nanospheres; (b)
Distribution of F127-MNPs; (b1) TEM image of F127-MNPs nanospheres
(iron oxide nanoparticles were encapSuIated in the F127 nanospheres);
(b2) High resolution TEM imagjej showing crystalline condition of iron
oxide in the F127 nanosphere; (c) Diffraction pattern of F127-MNPs

Figure 8.3 shows the results of the XRD (M18XHF, Mac Science, Japan) of the
F127 nanospheres and F127-MNPs. In ‘Fig. 8.3-(a), six diffraction peaks at 26 = 30.1°,
35.6°,43.3°, 53.5°, 57.2°, and 62.9° were the characteristic peaks of the crystal plane,
which was the same as JCPDS 85-1436 [Long, 2004], s suggesting the nanoparticles
were Fe304. Furthermore, the XRD spectrum of pure F127 nanospheres showed two
characteristic peaks at 20= 18.8° and 23.1°, representing a high degree of ring-like
crystallization of the F127, which was in good agreement with the results of the TEM
image [Fig. 8.2-(a)]. In addition, F127-MNPs not only exhibited six characteristic
peaks of Fe;0,4 but also showed a broad diffraction pattern, which peaked at 21°. The
diffraction pattern was assumed to be due to the presence of iron oxide that deferred
the ring-like crystallographic structure of the F127 phase. These results were similar
to those of the diffraction pattern of the TEM (cloudy ring), indicating that both phases

were intimately contacted.

Raman spectra are potentially more useful than diffraction techniques to track
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subtle structural differences between the vibration frequencies of F127 and Fe304
MNPs. Figure 8.3-(b) shows that, although F127 hydrogel were surrounded with iron
oxide nanoparticles, a significant difference between these phases can be recognized
from the Raman spectra. Both 665 and 704 cm™ bands, assigned to the characteristic
band of Fe3O4 [Long, 2004] were attributed to the vibrational modes. These consisted
of the stretching mode of oxygen atoms along Fe-O bonds (metal oxide bond), and
four characteristic peaks at 492, 537, 603, and 709 cm” were assigned to F127
nanospheres Furthermore, from the sample of F127-MNPs, six peaks, including the
peaks from both F127 and Fe;O4 MNPs, were observed where the two peaks of 492
and 537 cm™ were almost combined to form a broad peak. This suggests that there
was some interaction between metal oxide and the -OH group in the F127 when the

iron oxide nanoparticles were formed inside the F127 hydrogel.

In addition, the change in chemical-binding energy in F127-MNPs was
investigated in the XPS (ESCALAB, 250, Thermo VG Scientific, West Sussex, UK),
equipped with Mg Ko at 1253.6.:eV jatithe anode:. As illustrated in Fig. 8.3-(c), the
binding energy of O1s was detected from 526.0 to 538.0 eV, and the peak of iron
oxide was at 530.0 eV. This peak represented-the metal oxide, which was reasonably
consistent with peak reported in the literature;i.e., 528-531 eV. Also, the -OH group
peak of pure F127 nanospheres was found in the 532.8 eV, which was similar to the
report of Anderson et al. [Anderson, 2001], showing a highly ordered arrangement of
ring-like crystallization of the F127 nanospheres. However, after incorporation into the
iron oxide nanoparticles (F127-MNPs), the peak at 532.8 eV shifted to a lower energy,
532.4 eV, indicating that the ring-like crystallization of the F127 nanospheres had
been deteriorated to an amorphous-like structure due to the presence of iron oxide
nanoparticles. In the meantime, the peak of the metal oxide in the F127-MNPs shifted
to a higher energy, i.e., from 530.0 to 530.3 eV, suggesting that some interactions
occurred between the metal oxide and the —OH group in the F127 hydrogel when the
iron oxide was formed inside the F127 hydrogel. Although the actual mechanism for
the shift of the binding energy of metal oxide was unclear at present, it is believed that
iron ions can be encapsulated by the F127 hydrogel. This hydrogel promoted a

self-assembly of the iron oxide salt to form crystal structure while increasing solution
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pH upon synthesis, and it thus accompanies some ion-ion interaction to change the

binding energy of metal oxide [Hu, 2007].
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Fig. 8.3 Characterization analysis of F127 and F127-MNP nanospheres: (a) X-ray
diffraction, (b) Raman spectra, and (c) XPS spectra
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8.4 Hydrophilic/Hydrophobic properties

Pyrene is poorly soluble in a polar environment, but it strongly emits radiation
when it is self-aggregated or forms microdomains (i.e., microaggregates) in an
aqueous solution. The intensity ratio (Is72/1ss5) of the first peak (372 nm) and the third
peak (385 nm) of the fluorescence emission spectrum for pyrene has been shown to
be sensitive to the polarity of the microenvironment [Bromberg, 1999 & 2003]. The
reason was that increasing the polarity of the medium induces an increase in the
intensity of the first peak, ls72, corresponding to the forbidden transition, while the
intensity of the third peak, lsgs, corresponding to the allowed transition, remains
unchanged. The ratio was higher in a polar medium; for example, in water, l372/l3gs =
2.0, while, in hexane, l372/lsgs = 0.6. Therefore, the critical micellization temperature
(CMT), which is the threshold temperature of self-aggregate formation by intra- and/or
intermolecular association, could be determined from the change of the Is72/l3g5 ratio
of pyrene in the presence of polymetic amphiphiles. Figure 8.4 shows that the I372/1385
ratio in the aqueous suspension.of the F127-MNPs varies with temperature between
the transition temperatures of 20 and 25°C, which was the CMT of the F127-MNPs.
The l372/l3g5 ratio was higher in“water below the. CMT, indicating a strongly polar
environment. However, above the CMT, the ls72/1355 ratio dropped to a lower level as
the pyrene partition changed to a more hydrophobic environment as micellar
aggregation began to form. These results were comparable with the CMT of pure
F127 (23°C) in the literature [Bae, 2007; Desai, 2001], which meant that the
F127-MNPs will be more hydrophobic above 25°C.

Another approach was based on the change of particle size of the F127-MNPs,
with respect to temperatures, to indicate the hydrophilicity of the nanoparticles As
shown in Fig. 8.4, the particle size of the F127-MNPs was 40.1 nm at 4°C and 37.8
nm at 15°C, but it sharply decreased to 19.3 nm at 25°C and 16.2 nm at 35°C, as
measured by a dynamic light scattering instrument (DLS, zetasizer-3000HS, Malvern,
UK). The particles exhibited a 2- and 2.3-fold diameter transition from 15°C to 25°C
and 35°C, respectively. That was roughly equal to a 10-fold volume transition from
15°C to 35°C. The 10-fold volume shrinkage of the F127-MNPs was enough to pump
the drug out.
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Fig. 8.4 Hydrophilic/Hydrophobic test of F127-MNPs with various temperatures:
Solid circle curve indicates, CMT:test by PL (left axis), whereas particle
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8.5 Drug delivery test by HFMF

Figure 8.5-(a) shows the results.of inductive heating of the F127 MNPs, where
the temperature was measured by an ethanol thermometer in an aqueous
F127-MNPs suspension. Inductive heating is thermal energy induced from the
hysteresis loss of ferrites and dependent on the type of remagnetization process in
the high-frequency magnetic field (HFMF) [Kim, 2005]. The results showed that, under
the selected field parameters (50-100 kHz and 15 kW), sufficient energy deposition
was achieved, and the temperature was substantially increased in the solution within
a short period of time. As expected, the temperature increased considerably (62°C)
for the F127-MNPs suspension (0.2 g samples in 10 ml of PBS in the tube) and was
approximately 2.0 times higher than that of the pure F127 nanospheres (30°C),
indicating that this temperature difference (62°C-30°C, AT=32°C) was solely attributed

to the inductive heating effect of the iron oxide in the presence of HFMF.

Figure 8.5-(b) shows the relationship between the temperature change and drug

release behavior of the F127-MNPs. In the absence of the magnetic field, the drug
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(DOX) displayed a stable release at a rate of 0.23 pg ml™'hr™'. However, while reaching
35°C under magnetic stimulus, the drug release rate increased sharply from 0.23 to
7.94 ug mi'hr" during the first 5-min period (S-T1) and then reduced to 2.23 ug
mi”'hr' after a further 25-min stimulus (S-T2). The increased release rate when the
temperature increased from 15°C to 35°C (above CMT) may be attributed to the
volume shrinkage of the F127 shell layer. Similar reports have also been addressed in
the literature [Chung, 1999]. For instance, Chung et al. indicated that the
poly(N-isopropylacrylamide) and poly(butyl-methacrylate) polymeric micelles showed
reversible structural changes allowing drug release upon heating/cooling fluctuations
with a the lower critical solution temperature (LCST). These micelles released drug
upon heating above the LCST, and the release was accelerated by a
volume-shrinkage mechanism, like a pumping effect. The effect was eliminated upon
cooling below the LCST.

Furthermore, upon magnetic manipulation, the drug also showed a two-stage
release behavior. DOX exhibited.a burst-like release for the first 5 min at a rate of ca.
38.77 pug mi'hr' (S-H1) and then stabilized to ca: 1.84 pg mi'hr' (S-H2) for the
following 25 min of operation. The rate ofiburst release in the first 5-min period with
HFMF was 4.9 times higher than thatat 35°C.in the water bath. The plausible reason
was due not only to the volume shrinkage at higher temperature but also to the

change in the pore structure of the nanospheres under HFMF.

65 (a) (62°C)
__ 55 |
O
t
a 45
5
A 35
25 | (30°C)
—0— F127-MNPs
15 —O0— ﬁ127 Nanospheres

0 500 1000 1500 2000
Time (sec.)

121



100

—_e—HFMF ON : (Magnetic-Thermal Effect)
—o—incub. 35deg.C | (62°C) 5 :E“
S 80 | —&—incub.15deg.C ! E
~ P S-H?/ ) 3_
2 (b) - |4 3
3 60 ; 5
Q
2 , s £
2 ; (Thermal Effect)
S 40 | , ,
- S-H1 !,, I d>)
5 ; 2
= «-- HFMF OFF -~ s
E 20 | o .| S
S (15°C) . |4
& : =
&

0 20 40 60 80 100
Time (min.)

Fig. 8.5 (a) Inductive heating experiments under HFMF treatment; solid circle
curve and open circle curve . indicate F127-MNPs and F127
nanospheres, respectively; temperature increased to 62°C for the
F127-MNPs under HFMF treatment for 60 min, but, for F127
nanospheres, it reached only 30°C; (b) Drug delivery test of F127-MNPs.
Solid circle curve indicates that the samples were first incubated at
15°C (water bath) for 50 min and then exposed to HFMF
(magnetic-thermal effect). Open circle curve indicates that, after
incubated at 15°C for 50 min, the samples were incubated at 35°C in a
water bath (thermal effect, without HFMF), but open triangle means the
samples have been incubated at 15°C in a water bath (50 + 30 min)

Lu et al. group [Lu, 2005] reported on ferromagnetic cobalt nanoparticles coated
with gold shells (Co@Au nanopaticles) embedded into polyelectrolyte capsules. They
demonstrated that such magnetic capsules resulted in an increase of wall
permeability due to magnetostatic interaction between nanoparticles under oscillating
MF. Moreover, a similar mechanism of pore size enlargement under HFMF was also

verified by BET analysis in our pervious work [Hu, 2007 & 2008].

The average pore diameter of the F127-MNPs was determined to be 7.2 and 11.6

nm without and with 10 min of exposure to the HFMF, respectively, as shown in Fig.
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8.6. The pore size after HFMF treatment was approximately twice that without HFMF
treatment, and the pore was enlarged and even broken with HFMF treatment. This
indicates that the nanostructure of the F127-MNPs can be manipulated with the
HFMF and that the corresponding pore enlargement will induce a rapid drug release,

i.e., a burst-like drug release pattern.

The insert TEM image of Fig. 8.6 depicts the collapsed and cracked F127-MNPs.
This suggests that the instantaneous drug release under HFMF was due not only to
the volume shrinkage but also to the pore rupture of the structure. The collapsed
situation was caused by a temperature increase due to generated heat, but the pore
rupture might be induced by the violent magnetic vibration of nanoparticles under
HFMF. Therefore, HFMF-induced energy can cause the vibration of iron oxide and
enlarge pores increasing the permeability of the F127 hydrogel. Also, the heat energy
was conveyed to shrink the F127 hydrogel to pump the drug out. As a result, an
instantaneous drug release was achieved using the F127-MNPs by combining the
thermal and dynamic energy (vibration-of iron oxide nanoparticles) to pump the drug
out. Both factors (heat and enlarged pore size) will increase the permeability of the

F127, and thus causing the rapid.release of the:DOX from the F127-MNPs.
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Fig. 8.6 BET analysis on pore size change and TEM images of F127-MNPs with
and without HFMF. One sample is without HFMF treatment (left side),
and the other one is “after” the magnetic filed treatment (right side) in
the TEM images
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8.6 Cytotoxity test

The cytotixity of F127-MNPs was envaluated by the proliferation of smooth
muscle cell (SMCs), as shown in Fig. 8.7. The result shows that F127-MNPs displays
almost non-cytotoxity compared as control (no F127-MNPs), implying F127-MNPs is
belong to biocompatible drug carriers. In addition, it exhibits slightly cytotixity when the
drug (DOX) loading into the F127-MNPs. It was presummed that a little drug leaked
outside by natural diffusion. However, the samples after treated with HFMF exhibited
huge cytotoxity, which means most of cells were killed by bursting drug. Similar results
were shown in the optical microscope observation, as illustrated in Fig. 8.8. SMCs
grow very well in the both of F127-MNPs without (Fig. 8.8-(a)) and with (Fig. 8.8-(b))
drug loading in the absence of HFMF; whereas most of SMCs died in the samples
with drug in the presence of HFMF. Thus, it could be anticipated that F127-MNPs

would be used to kill tumor cells by:HFME.treatment.
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Fig. 8.7 Comparison of SMCs proliferation on the F127-MNPs loading drug
(DOX) with and without HFMF by MTT assay. The star means they
display insignificant difference, while the double star means that they
display significant difference (n=5)
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Fig. 8.8 Proliferation of smooth muscle cell for 72 hr incubation in the
F127-MNPs (a) without drug in the absence of HFMF; (b) with drug in
the absence of HFMF; (c) with drug in the prensence of HFMF
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Chapter 9
Thermal and Magenetic Nano Ferrocapsules

9.1 Introduction

Intelligent or pulsatile drug delivery cariers are attractive for release of
therapeutics, which can be self-regulated, pre-programmed [Stubbe, 2004; Grayson,
2003] depending on presence of specific drug and biomolecule, or can be externally
actuated by applying various stimuli from outside environment, such as temperature,
pH, light, mechanical signal, electric field, and magnetic fields. Among them, thermally
sensitive drug delivery carriers that can be remotely actuated are attractive for
therapeutic and patient management [Satarkar, 2008]. One possible approach is to
use a composite carrier made of a thermally sensitive polymer micelle with a
temperature-dependent drug release profile in conjunction with a magnetic core, so
that the core can be self-heated in_response, to an external magnetic stimulus to
trigger the release of drug contained  within.the’.micelle. It has been known that
application of high frequency magnetic field (HFMF) to iron oxide nanoparticles
generates heat due to Neel and Brewnian_relaxations [Schmidt, 2007; Vaishnava,
2007], The idea is a natural extension of two.concepts, magnetic heating for tumor
treatment (i.e., hyperthermia) or drug release and thermally induced
volume/hydrophobicity transition in polymers or hydrogels. However, composite
magnetic nanoparticles that combine favorable biocompatibility, a fast actuation and a
high on-off ratio of drug release operating at about the physiological temperature will
require a careful design of material constituents and their self assembly. Here we
undertake such a study using poly(ethylene-oxide)-poly(propylene-oxide) (PEO-PPO)
block copolymers, crosslinking ligands and polymers, iron oxide nanoparticles and a
model drug vitamin B, [Bae, 2007; Desai, 2001],.

In particular, the idea of using external magnetic fields to achieve drug release
from polymer composites was first reported by Kost et al. who demonstrated insulin
release from a magnetic composite of ethylene vinyl acetate under a low frequency
magnetic field [Kost, 1987]. Recently, Paoli et al. reported enhancement in dextran

release from a magnetic nanocomposites of collagen under a field [Paoli, 2006].
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The latter study as well as our previous work on magnetic ferrogels used iron
oxide as the magnetic particles [Lu, 2005; Derfus, 2007]. On thermally sensitive
polymers, Choi et al. [Choi, 2006] reported pluronic/heparin nanocapsules that
exhibited 1000-fold thermally reversible volume transition when the temperature was
raised from 25 to 370C. The latter study built on the well known properties of
PEO-PPO-PEOQ triblock polymers (commercially known as Pluronic®) that manifest a
range of critical micellization temperature (CMT) for volume/hydrophobicity transition,
but the volume change of the capsules were further enhanced by introducing

cross-linking to the outer shell.

Since both PEO-PPO and iron oxide have excellent biocompatibility, we have
chosen them as the basic constituents in the present study. Our nanoparticle thus
contains a magnetic core of iron oxide immersed in water and vitamin B-12, a
thermally responsive polymer hydrogel with a core-shell structure, and a cross-linked
outer shell that serves to fine tune the?CMT, the,volume change and the drug release
characteristics. The hypothesized self-assembly process is depicted in Scheme 1, to
be further explained in the next section. The" preparation procedure of the
nanoparticles and the experiméntal ‘evidence: in/support of these Schemes, from
transmission electron microscopy (FEM), X=ray diffraction (XRD), dynamic light

scattering (DLS) and transport measurements, are described below.
9.2 Fabrication of Pluronic® ferrocapsules

9.2.1 Synthesis of Activated PEO-PPO-PEO Polymers (F127 and F68) [Choi,
2006]

We used two commercial PEO-PPO-PEQO thermosensitive polymers, Pluronic®
F127 and F68, (Sigma, USA) as the material to form a core-shell nanocapsule in this
study. F127 has a (EO)100(PO)65(EQ)100 block structure with an EO/PO ratio of
3.08, and F68 has a (EO)76(PO)29(EQ)76 block structure with an EO/PO ratio of 5.24.
The polymer (20 g of F127 or F68) was dissolved in 60 ml of methylene chloride
(Fisher Scientific, USA). In a dropwise manner this solution was added to a stirred
solution of 60 ml methylene chloride containing 2 g of 4-nitrophenyl chloroformate

(NPC). The activation reaction proceeded with gentle stirring for 5 h at room
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temperature under a nitrogen atmosphere. The activated polymer (F127-NPC or
F68-NPC) was precipitated, washed five times in ice-cold diethyl ether, then dried
under vacuum. To determine the activation density, a known amount of F127-NPC or
F68-NPC was treated with 0.2 N NaOH at 25°C for 2 h. The chemical reaction

respresents in Scheme 9.1-(a)
9.2.2 Fabrication of Activated PEO-PPO-PEO Nanocapsules [Choi, 2006]

Single-layer nanocapsules containing one layer of activated PEO-PPO-PEO
were synthesized using a single-emulsification (SE)/solvent-evaporation method. An
oil phase (methylene chloride solution, 1 ml) containing various amount of F127-NPC
or F68-NPC (0.05-1.5 g) was added dropwise to 10 ml of a water phase (phosphate
buffered solution, PBS) at pH 7.4. The mixture was sonicated for 10 min using a
horn-type ultrasonic homogenizer (Virsonic, VirTis, USA) operating at 20 kHz to
obtain oil-in-water micelles, F127-SE or, F68-SE.

Double-layer nanocapsules: containing two “layers of PEO-PPO-PEO were
synthesized using a double-emulsification (DE)/solvent-evaporation method. The first
water phase W; (PBS, 0.1 ml)-was added dropwise to an oil phase (methylene
chloride solution, 1 ml) containing various amount of F127-NPC or F68-NPC (0.05-1.5
g). The mixture was sonicated for 10 min to obtain water (W+)-in-oil micelles. Next, the
micelle solution was added dropwise to a second water phase W, (PBS, 10 ml). The
mixture was again sonicated for 10 min to obtain W4-in-oil-in-W, micelles. The sample
was called F127-DE or F68-DE (or F127-NPC-DE and F68-NPC-DE to emphasize
that the outer shell is activated F127-NPC or F68-NPC.) These emulsion solutions
were then dialyzed (dialysis membrane with the Mw cutoff 14,000) and the product

stored at 4°C until further use.
9.2.3 Fabrication of Double-layer Cross-linked Pluronic®/Gelatin Nanocapsules

A schematic of the nanocapsules with a cross-linked shell is depicted in Scheme
9.1-(b). Essentially, the F127-DE or F6-DE with NPC is cross-linked with a hydrolyzed
amino-acid-polymer (gelatin, Sigma, USA). To introduce gelatin to these double-layer

micelles, we modified the second step in their preparation and added gelatin of
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various amounts (1-10 mg/ml) to the W, phase (PBS) prior to the addition of the
Wi-in-oil micelles. The emulsion of the resultant W1-in-oil-in-W, micelles was
immediately transferred to a water bath at 4°C and held for 24 h to cross-link gelatin.
After that, the emulsion solution was stirred at 30°C to remove residual methylene
chloride until the solution became clear. In addition, the gelatin can be fully
cross-linked with the (dropwise) addition of 1ml of 0.1M
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Sigma) to the above solution,
held at 4°C for 24 hr. These emulsion solutions were also dialyzed and the product
stored at 4°C until further use. The product after the first-step cross-linking will be
referred to as F127-Ge or F68-Ge, and the product after the second-step cross-linking
will be referred to as F127-EDC or F68-EDC.
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9.2.4 Encapsulated Drug and Iron Oxide Nanoparticles into Nanocapsules

The above procedure was modified to incorporate a model drug vitamin B,
(Sigma, USA), a cobalamin, into the W1 phase, then using this phase to prepare the
double-layer nanocapsules as before, followed by cross-linking. The concentration
used was 10 mg/ml vitamin B2 in 0.1 ml PBS. To incorporate iron oxide, we used
in-situ co-precipitation of Fe(ll) and Fe(lll) salts. Briefly, 0.1 ml of 1.08 g/ml of
FeCl;.6H,0 (Riedel-deHaén) and 0.4 g/ml FeCl,.4H,0 (Fluka), together with vitamin
B12 (10 mg/ml) were mixed into the PBS solution to form the W4 phase, then using this
phase to prepare the double-layer nanocapsules as before. After the cross-linking
steps, the pH of the mixture solution was adjusted to 10 by adding ammonia solution
(33%) under stirring, followed by heat treatment at 60°C for 30 min to precipitate iron
oxide particles. This product will be referred to as F68-10. Other washing and storage

procedures are the same as before.
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Scheme 9.2 Process of encapsulated drug and iron oxide into the ferrocapsules
and mechasim of drug bursting by HFMF (AC magnetic field)
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9.3 Structure of NPC-Activated F127 and F68

'"H NMR spectra are shown in Fig. 9.1 for F127-NPC (Fig. 9.1-(a)) and F68-NPC
(Fig. 9.1-(b)) in deuterated chloroform (CDCl3) solution. The activated polymer differs
from the unactivated one in that the terminal alcohols on PEO-PPO-PEO are
converted into nitrophenyl groups in a chloraformate environment. Evidence for this in
the spectrum is labeled as peak d, e and a, where peak d represents the chemical
shifts (8) of protons in the ortho (0)-position (near the - NO; side) in the nitrophenyl
(NO2Ph) group, peak e is attributed to the protons in the meta (m)-position (near
the —COO side) in the nitrophenyl group, and peak a is associated
to -NO2,Ph-OCOO-CH; which indentified NPC’s attachment to the —OH group of PEO.
Other peaks are assignable to the solvent CDClI3 (7.26 ppm) and the PEO-PPO-PEO
backbone (peak b and c) similar to the spectra of unactivated polymer reported in the
literature [Xiong, 2006]: peak b is attributed to the protons of the PEO-CH»-units; peak
c to the protons of the PPO-CHj3 groups.
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Fig. 9.1 '"H NMR spectra of activated Pluronic®.(a) F128 and (b) F68 by NPC

9.4 Size of Nanocapsules

The size of double-layer F127-NPC and F68-NPC nanocapsules at 25°C are
shown in Fig. 9.2. Since these nanocapsules (F127-NPC-DE in Fig. 9.2-(a) and
F68-NPC-DE in Fig. 9.2-(b)) are in the form of double-emulsion (W-in-oil-in-W5), we
also compare them with single emulsion (oil-in-W5) nanocapsules (F127-NPC-SE and
F68-NPC-SE in Fig. 9.2) and Wj-in-oil nanocapsules (F127-NPC-W1-in-oil and
F68-NPC-W;s-in-oil, see insets of Fig. 9.2-(a) and -(b)). For both polymers, the size of
the nanocapsules decreases with the addition of the polymer, but the size is always
smaller in the F127-series than in the F68-series, and it decreases in the order of
DE>SE>Wj1-in-oil. Moreover, in the case of the DE and SE series, a constant size is
reached at around 0.1 g/ml (change unit in Fig. 9.2) of polymer. This critical

concentration was used in the further experiment.
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Fig. 9.2 Relationship of particle size and content of Pluronic® (a) F127-NPC; (b)
F68-NPC) in the single emulsion, double emulsion, and W1-in-oil
process
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9.5 Cross-linked Nanocapsules

The size of double-layer nanocapsules F127-NPC-DE was measured after the
addition and cross-linking of gelatin, as shown in Fig. 9.3. With the addition of 1 mg/mi
gelatin in the W5 PBS solution, there is a small size increase from a peak value of 28.4
nm to 35.6 nm. Later, we will show that this is mostly due to a small increase of the
CMT (from 21.9°C to 22.8°C, see Table 9.1) and not the thickness of gelatin. It is also
clear in Fig. 3 that at a much higher concentration of gelatin, the size distribution
broadens and a secondary peak at a much larger size develops, indicating some
agglomeration of cross-linking between different nanocapsules. Therefore, the
concentration of 1 mg/ml gelatin in the W, PBS solution was used in the further
experiment. Very similar results were found for F68-NPC-DE after gelatin addition and

cross-linking as summarized in Table 9.1.
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Fig. 9.3 Relationship of particle size distribution and gelatin concentration
measured by DLS

In addition, the size of nanocapsules after the second cross-linking step using

EDC was measured but a size decrease (from 35.6 nm to 30.5 nm) was found as
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shown in Table 9.1 (drr). A similar trend was found for F68 nanocapsules. Since the
change in CMT due to EDC is relatively small, the small shrinkage is largely attributed

to a more compact structure after -NH, and —COOH cross-linking.

Table 9.1 Characterization of F127 and F68-series micelles in the content of
1g/ml Pluronic®

Samples F127/F68 F127/F68-NPC F127/F68-Ge F127/F68-EDC  F68-EDC-10

CMT(°C) 25.8/43.2 21.9/39.3 22.8/40.1 22.4/39.6 40.5
dmax (M) * 115.7/143.1 78.2/86.4 91.4/105.3 82.1/97.0 113.1
dgr (nm)° 60.8/135.2 28.4/85.3 35.6/101.5 30.5/94.2 108.3
dmin(nm) © 23.6/ 221 27.3/122.0 27.3/23.8 25.1/23.6 43.1
Size Ratio® 4.9/6.5 - 3.3/4.4 3.2/4.1 26

DR Ratio-1° -/12.1 - -/39.4 -/45.5 57.3
DR Ratio-2' -/5.9 -- -/11.6 -/14.3 17.2
DR Ratio-3° -/13.5 - -/6.8 -/8.2 9.5

@ Maximum particle in diameter measured at,10°C for F127-series and 20°C for F68-series
® Particle size in diameter measured atroom temperature (25°C)

¢ Minimum particle in diameter measured at 40°C for F127-series and 50°C for F68-series
4 Ratio of size change from 10°C to 40°C for F127-series, from 20°C to 50°C for F68-series
° Ratio of Drug cumulative release (%) changefrom.4°C to 45°C for 6 hrs

" Ratio of Drug cumulative release (%) change from 25°C to 45°C for 6 hrs

9 Ratio of Drug cumulative release (%) change from 37°C to 45°C for 6 hrs

The morphology of F68-NPC-DE revealed by TEM is exhibited in Fig. 9.4. A
freshly formed nanocapsule after double emulsion is shown in Fig. 9.4-(a) which has a
spherical geometry. It would be found the small activated Pluronic® particle (ca. 3nm)
is self-assembly to the geometry of sphere structure (ca. 100 nm), indicating the
evidence which the nanocapsule was fabricated originally from a small activated
Pluronic® particle. After washing 5 times and dialysis, the nanocapsule has the size
(Fig. 9.4-(b)) of about 100 nm, which is very close to the peak value according to DLS
(see Table 9.1). After gelatin and EDC cross-linking the size is again similar but a

higher electron density has developed on the skin (Fig. 9.4-(c)).
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Fig. 9.4 TEM images of formation of 1 g/ml activated Pluronic® F68
nanocapsules: Plurinuc® particle is self-assembly to the geometry of
sphere structure (a) without washing and (b) after washing; (c)
nanosphere was crosslinked by gelatin and EDC

9.6 Nano Ferrocapsules Formation

After the precursors of Fe(ll) and Fe(lll) salts were incorporated and ammonia
solution were added, the iron OXIde nanopértlcles (IO) start to form by co-precipitation.
The X-Ray Diffraction (XRD) was used to examlne and it showed five planes of Fe304
phase, namely [220], [311], [400] [4?2]'--and—f5111 on the activated Pluronic®-F68,
indicating the presence of iron oxide “nanogryst‘gls, as shown in Fig. 9.5. In particular,
extra peak was observed at 26=32.8°,~ WhICh became stronger and shaper with the
Pluronic® F68-NPC content increasing, indicating some interaction between
Pluronic® F68-NPC and iron oxide nanoparticle; on the contrary, the peak in the main
plane [311] of Fe3;O, phase was broader with the Pluronic® F68-NPC content
increasing, implying the particle size of nanocapsules and iron oxide nanoparticle
would decrease with increasing Pluroic® content. The further work is in the process to
modulate the different particle size of iron oxide nanoparticles by various Pluronic®
content addition (as a tank of producing iron oxide nanoparticles) and would reported
in the future. Moreover, extra peak at 20=32.8° tentatively assigned to iron carbonyl
(CoFez0g), confirmed by JCPDS 21-1141. These results suggest that the iron oxide

nanocrystals were structurally encapsulated by F68-NPC.
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Fig. 9.5 Crystallization change with the Pluronic® concentration increase
measured by XRD

Furthermore, Figure 9.6-(a) shows TEM images of fully cross-linked 1g/ml of
Pluronic®-F68 nanocapsules by gelatin“and EDC and encapsulated the iron oxide
nanoparticles (nano ferrocapsules), displaying a spherical geometry of ca. 100 nm in
diameter at 25°C. Furthermore, the iron oxide nanoparticles was observed in the slight
crystallizing structure in the diameter of 5-8 nm, as illustrated in Fig. 9.6-(a1). It also
been proved by diffraction pattern of TEM (see Fig.9.6-(a2)), indicating the presence
of iron oxide nanocrystals. Moreover, It could be found clearly the skin layer was
formed after gelatin and EDC cross-linking, as shown in Fig. 9.6-(a3). The dense skin
layer can avoid and the iron oxide nanoparticles escaping and decrease the drug

release rate at lower temperature.
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Fig. 9.6 TEM images of (a) 1 g/ml, (b) 0.5 g/ml and (c) 0.3 g/ml of Pluronic®
F68-NPC nano ferrocapsules; (a1) 1 g/ml, (b1) 0.5 g/ml and (c1) 0.3 g/ml
of iron carbonyl nanoparticles loading in the nanocapsules; (a2) 1 g/mi,
(b2) 0.5 g/ml and (c2) 0.3 g/ml of TEM diffraction pattern of
ferrocapsules; (a3) Skin layer in the ferrocapsule; (d) ferrocapsules
have been disintegrated after HFMF treatment
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However, 0.5 g/ml of Pluronic®-F68 ferrocapsules show a spherical-like
geometry of ca.150 nm (see Fig.9.6-(b)) in diameter at 25°C, and the iron oxide
nanoparticles was observed in the stronger crystallizing structure in the diameter of
8-10nm, as shown in Fig. 9.6-(b1) & (b2). Furthemore, when the concentration of
F68-NPC arrives 0.3 g/ml, the structure of ferrocapsule became irregular geometry of
ca. 200nm (see Fig.9.6-(c)) in diameter at 25°C, and the size of iron oxide
nanoparticle grew up to ca. 15nm, displaying very strong crystallization, as shown in
Fig. 9.6-(c1)&(c2). Thus, it provided important evidence that controlling the
concentration of Pluronic® to fabricate different size micelles (as a tank to incubate
the iron oxide nanoparticles) and thus clould dominat the size of iron oxide
nanoparticles. In addition, the irreqular geometry of ferrocapsules in the 0.3 g/ml
Pluronic® addition is attributed to the rare concentration of Pluronic® to make the
micelles unstable. Hence, 1 g/ml of Pluronic® F68-NPC addition was used in this

study.
9.7 Thermo sensitive behavior

Our nanocapsules exhibit @\ thermal sensitive behavior similar to that of the
PEO-PPO-PEO polymer showing. ‘shrinkage :"above the CMT signifying a
hydrophilic/hydrophobic transition. However, the detail of this transition in terms of
CMT and volume change is altered by the chemical modification (e.g., NPC, gelatin
cross-linking). This was determined by following the DLS peak size as a function of
temperature. This transition is manifested by a large volume shrinkage as evident in
Fig. 9.7. To analyze the data, we define the CMT as the inflection point in Fig. 9.7, and
the size ratio as dmax/dmin, in which dmax is the maximum particle diameter below
the CMT at the lowest measurement temperature and dmin is the minimum particle
diameter above the CMT at the highest measurement temperature. It is clear that the
larger size of F68 series nanocapsules is mainly due to a much higher CMT (43.2°C)
than that of F127 (25.8°C). (This largely reflects a higher EO/PO ratio in F68, which is
5.24, compared to that of F127, which is 3.08.) In addition, there is a slight decrease
(about 4°C) of CMT for activated polymers, presumably because of a hydrophilicity
decrease due to NPC. In contrast, there is a slight increase (about 1°C) in CMT in
gelatin-cross-linked nanocapsules, and a even minor decrease (about 0.5°C) in CMT
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when EDC was added to further cross-linking. These small changes in CMT

summarized in Table 9.1 are consistent with the size data at 25°C shown there.

The size ratios of various nanocapsules show a significant decrease as the
nanocapsules are cross-linked, although the difference is small when additional
cross-linking due to EDC was performed (Table 9.1). Since F68 series always has a
higher ratio, it was used in the further experiment to encapsulate iron oxide and
vitamin B1,. However, although a size ratio of 4.1 (corresponding to a volume ratio of
about 67) was observed in F68-EDC after cross-linking, the 10-containing FG68
nanocapsule (F68-EDC-IO in Table 9.1) has a considerably smaller ratio of 2.6
corresponding to a volume ratio of 18. From Fig. 9.7, it is clear that the IO addition
causes both a decrease of dmax and an increase of dmin, so both the hydrophilic
“swollen” state and the hydrophobic “shrunk” state appear to be sterically constrained

from reaching their respective fully relaxed sizes.
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9.8 Drug release behavior

9.8.1 Nanocapsules
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Figure 9.8-(a) shows the cumulative released pattern of vitamin Bq, from the
F68-series nanocapsules. These sample exhibited thermal-sensitive behaviors,
indicating a very slow release at 4°C, but the amount of drug releasing gradually
increased with temperature increasing. In particular, the rate of drug release in the
sample at 45°C (above CMT of F68-EDC) would increase greatly. The ratio of drug
release change from 4 to 45°C (DR ratio-1) in Table 9.1 is attributed to the volume
shrinking and is about 12.1, 39.4, and 45.5 in the pure F68, F68-Ge, and F68-EDC,
respectively. The reason could be that the fully cross-linked by EDC (F68-EDC)
exhibits denser porosities, and hence causes the drug released rate decreased,
displaying a near zero-order release. Although the drug burst release of F68-EDC
would decrease slightly at 45°C, the drug would be difficult to release under lower
temperature; hence, DR ratio-1 would be raised (from 39.4 in F68-Ge to 45.5 in
F68-EDC). Similarly, the DR ratio-2 (from 25 to 45°C) and DR ratio-3 (from 37 to 45°C)
display the similar trend, which were_ inithetorder: pure F68 (5.9 and 3.5) > F68-Ge
(11.6 and 6.8) > F68-EDC (14.3 and 8.2)in'DR.ratio-2 and DR ratio-3, respectively. All
of results exhibited the fully cross-linked by EDC (F68-EDC) would display the higher
DR ratio and could avoid the drug release at.lower temperatures, implying it's easy to

store at 4°C.

Furthermore, the parameters n were calculated from Eq. (3.2) & (3.3) are listed in
Table 9.2 and Fig. 9.8-(b). Some researchers distinguished three classes of diffusional
release mechanism from various swellable controlled release systems [Lin, 2005;
Ritger, 1987]. The first is Fickian diffusion (n=0.5), in which the rate of diffusion is
much smaller than the rate of relaxation. In this case, the system is controlled by
diffusion (diffusion control). The second is Case Il transport (n=1.0), where the
diffusion process is much faster than the relaxation process. The controlling step is
the velocity of an advancing front, which forms the boundary between swollen gel and
glassy core. Hence, the system is controlled by relaxation (swelling control). The third
class is anomalous (non-Fickian) transport (n=0.5—-1.0), which describes those cases

where the diffusion and relaxation rates are comparable.

The results show that all transport in these nanocapsules is non-Fickian diffusion,

with both diffusion- and relaxation controlled systems. The n values of pure F68,
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F68-Ge, and F68-EDC were 0.762, 0.773 and 0.776 at 37°C, respectively; however,
the n values decreased greatly to 0.588, 0.603 and 0.616 when the temperature
increased to 45°C. It was demonstrated that mechanism of drug release transferred
from swelling control to diffusion control when the temperature is from low to high,
illustrating that the volume shrinkage of nanocapsules from swelling to deswelling
state. Moreover, the n value of pure F68, F68-Ge, and F68-EDC were in the range of
0.762 and 0.808 with lower temperature (4°C and 25°C), and the n value decrease

slightly with the temperature increasing.
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Fig. 9.8 (a) Drug release behavior of nanocapsules and ferrocapsule under
themal and HFMF modulation; (b) calculation of the parameters of drug

delivery (n, k and D)
Although all of n values are belong to anomalous (non-Fickian) transport, it could
be observed that the mechanism of drug release transferred from swelling control to
diffusional control when the temperature is from low to high. The reason is the volume
compression when the temperature is above CMT, leading to the nanocapsules

collapse (water deswelling) and drug release at a faster rate). In this case, the rate of
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relaxation is much higher than the rate of diffusion, which means the mechanism of
drug release prefer to swelling control; therefore, the n value would be decreased

when the temperature increased.

Table 9.2 Calculation of the parameters of drug delivery (n, k and D) in the Pure
68, F68-Ge, F68-EDC and F68-EDC-IO

Sample Temp. (°C) n kx10° Dex10° (um? min™)

4 0.781 0.62 0.96
Pure F68 25 0.77 1.22 3.63
37 0.762 2.00 8.49

45 0.588 28.15 177.12
4 0.799 0.10 0.03
F66-Ge 25 0.783 0.47 0.62
37 0.773 0.79 1.73

45 0.603 18.26 87.57

4 0,808 0.07 0.02

FE8-EDC 25 0.787 0.33 0.31
37 0.776 0:59 0.91

45 0.616 1418 60.67

4 0.846 0.05 0.02

FE8-EDC-I0 25 0:84 0.24 0.25
37 0.833 0.41 0.85

45 0.615 15.71 73.02

In addition, the values of k calculated from Eq. (3.2) & (3.3) in these
nanocapsules were in the order: Pure F68 > F68-Ge > F68-EDC with various
temperatures (4, 25, 37 and 45°C), and the k value would increase with the

temperature raising in the range of 0.05x10 and 28.15x107, as shown in Table 2.

Table 9.2 and Fig. 9.8-(b) lists the effective diffusion coefficients (D¢) calculated
from Eq. (3.4). A plot of M/M.. versus t1> showed a linear relationship for M{/M..<0.6.
The value of De in HA/HEP PEC coating substrates were in the order: pure F68>
F68-Ge>F68-EDC with various temperature, as shown in Table 9.2. The value of De
would increase slightly with temperature rising below CMT, but increase greatly above
CMT. This result is similar with the above cumulative released (%) and the values of k.
Among these drugs released parameters, F68-EDC exhibited the lowest drug

released rate due to their denser structure below CMT, which means the drug would
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be avoid losing when it was stored at refrigerator and pass through the body. Thus, it
could be anticipated that F68-EDC nanocapsules would be used to control the drug

released rate for clinical therapy application.
9.8.2 Nano ferrocapsules

Figure 9.8-(a) illustrated the cumulative released pattern of the nanocapsule after
encapsulated iron oxide nanoparticles (F68-EDC-I0O). F68-EDC-IO also exhibited
thermal-sensitive behaviors, indicating a very slow release at 4°C (lower than
F68-EDC nanocapsules), but the amount of drug releasing increased rapidly at 45°C
(higher than F68-EDC nanocapsules), implying the DR ratio-1 (57.3 times) is higher
than F68-EDC nancapsules, which means the thermo response behavior is better
than those without iron oxide nanoparticles. The reason is that the iron oxide occupied
some spaces in the nanocapsules to cause the steric barriers and hence the drug is
more difficult to release at 4°C, and the. diameter of F68-EDC-IO (113.1 nm) is higher
than F68-EDC (97.0 nm) at 4°C.implying.the drug release would decrease in the
expanding nanocapsule. However,.the rapid.drug release accompanying the volume
shrinkage (diameter shrinking: 2.6 times) was found when the temperature rise to
45°C. Although the diameter shrinkage of F68-EDC-IO is just 2.6 times (lower than
F68-EDC nanocapsules), the free volume (the space to fill drug) of F68-EDC-10 (with
iron oxide nanoparticles occupied) might be lower than F68-EDC, to induce the

rapider drug release when the volume shrinking at 45°C.

In addition, the three parameters (n, k D) of nano ferrocapsule also were listed in
Table 9.2 and Fig. 9.8-(b). The results show that they display similar situations with
Pure F68, F68-Ge and F68 at the nature drug delivery. Briefly, all of the value of n in
the F68-EDC-IO is anomalous (non-Fickian) diffusion, but mechanism of drug release
is inclined to swelling control below CMT and diffusion control above CMT, indicating
that the volume shrinkage of nanocapsules from hydrophilic to hydrophobic state.
Furthermore, both of k and D, would increase gently with the temperature increase

below CMT, but increase rapidly above CMT.

Figure 9.8-(a) also shows the results of drug release behavior with inductive

heating (also called hyperthermia) on the nano ferrocapsiles (F68-EDC-IO) in the
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prencence of the high frequency magnetic field (HFMF). Hyperthermia is a thermal
energy from the hysteresis loss of ferrites and is dependent on the type of the
remagnetization process in the high-frequency magnetic field (HFMF) [Kim, 2005].
The results showed that under the selected field parameters (50-100 kHz and 15 kW),
sufficient energy deposition was achieved and substantially increased the
temperature in the solution within a short time period. As expected, it just takes 5
minutes, the temperature arrived at 45°C in the F68-EDC-IO (0.2g samples in the 10
ml PBS of the tube), and this temperature rise is attributed to the hyperthermia effect
of the iron oxide. About 40% drug burst in the first 5-min period with HFMF, which was
20 times rate higher than that at 45°C in the water bath, and about 85% drug burst in
the 10-min period (ca. 55°C) and then stabilized for the following 60 min of operation.
The plausible reason is not only due to the volume shrinkage at higher temperature
but also the change in the pore structure of the nanospheres under HFMF. The result
in the TEM image (Fig. 9.6-(d)) shows;that the. F68-EDC-10 nanocapsules have been
disintegrated after HFMF treatment, and also proved the nanocapsule was a hollow

structure.
9.9 Overall Discussion
9.9.1 Pluronic/Gelatin Cross-linking ®Nanocapsules

The idea to fabricate the activated pluronic® nanocapsules is original from the
literature [Choi, 2006]. Choi et al. group reported the thermally reversible
Pluronic®/Heparin nanocapsules exhibiting 1000-fold volume transition. The amazing
thousands-fold volume change is sufficient to be used in the development of
controlled drug release. Thus, the idea of Pluronic® activated by NPC and then
cross-linked by biomolecules would be used in our studies. However, some processes
would be modified in order to fabricate the optimum drug carriers. First, we used the
process of double emulsion (DE) instead of single emulsion (SE) in the literature,
because the drug uptake in the DE is much higher than that in the SE. Moreover, the
stabilization of the process of DE is better than that of SE, and it can fabricate the
thicker and denser shell layer if the process of DE was used. Second, gelatin was

used instead of heparin, Poly(ethylenimine), hyaluronic acid, different backbone
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lengths of diamine compounds, because gelatin (nature protein) is full of carboxyl and
amino group, which means it is easy to crosslink by themselves or convenient to
conjugate others molecules you wanted. Third, Pluronic® F68 was selected to
compare with Pluronic® F127. The chemical structure is very similar (see Fig. 9.1-(a)
& (b)) between F68 and F127, but CMT display huge difference (A=18°C, Table 9.1)
due to different ratio of poly(ethylene oxide) and poly(propylene oxide) (PEO/PPO
ratio) in the block copolymer (F127: 3.08 and F68: 5.24). It was well-known PEO is
more hydrophilic polymer; in contrast, PPO is belong to hydrophobic polymer, which
means the higher PEO/PPO ratio the more hydrophilic properties were. Thus, F68
displayed the more hydrophilic properties and hence the CMT of F68 is higher than
that of F127. The higher CMT (ca. 40°C) in the F68 is better to be used in vivo,
because the body temperature is about 37°C. It would be better CMT is higher than
body temperature, because the huge volume change would happen after heating.
Finally, we planed to encapsulate theliifon:.oxide nanoparticles into the inner of
nanocapsules, implying the nanocapsulesiwould display dual functional (thermal and
magnetic) response behavior. The ‘advantage to use iron oxide nanoparticles is it can
produce the heat by itself (do-not need to-depend surround heat) under a high
frequency magnetic field (HFMF). to induce the volume shrinking. It would be

discussed in the next section (9.9.2).

The comparison of activated Pluronic® nanocapsules was summarized in Figure
9.9-(a). It shows the plot of the particle size changed with various Pluronic® F127 and
F68 concentrations. The results show the multiple cores of F68-NPC nanocapsules
were found in the large micelles (ca. 300 nm in Fig. 9.9-(b)) under dilute concentration
and single core were found in the small micelles under high concentration (ca. 100 nm
in Fig. 9.9-(c)) at room temperature (25°C), implying the amount of Pluronic® addition
would modulate the particle size. The single core nanocapsule (Pluronic® addition:
1g/ml) would be used in the further experiment in the present study. Besides, it also
was found the ratio of size change in the F127-NPC nanocapsules was smaller than
that in the F68-NPC nanocapsules. The reason is that CMT of F127-NPC
nanocapsules (ca. 21.9°C) is very close to the room temperature (25°C), but CMT of

F68-NPC (ca. 39.3°C) is 15°C higher than room temperature; hence, the solubilization
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and hydrophility in the F68-NPC nanocapsules were better than those in the
F127-NPC nanocapsules at 25°C to induce the particle size in the F68-NPC was twice
as big as that in the F127-NPC at 1g Pluronic® addition, as shown in Fig. 9.9-(c) & (d).
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Fig. 9.9 (a) Diagram of comparison of particle size change in the activated
Pluronic® F127 and F68 nanocapsules; TEM images of F68-NPC (b)
multiple core under dilute concentration (c) single core under high
concentration; (d) F127-NPC single core nanocapsules
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9.9.2 Pluronic®/Gelatin Nano Ferrocapsules

The iron oxide nanoparticles was formed in the inner of nanocapsules by in-situ
precipitated process and the particle size of iron oxide would change with distinct
Pluronic® concentrations, as shown in Fig. 9.5 (XRD analysis) and Fig. 9.6 (TEM
observation). It could be found the peak in the main plane [311] of Fe;04 phase was
broader with the Pluronic® F68-NPC concentration increasing, which proved the size
of iron oxide nanoparticles would be changed when the different concentration of
Pluronic® was added. It demonstrated this is a feasible method to use Pluronic®
nanocapsules as a tank to fabricate different size or shape of iron oxide nanoparticles
by in-situ precipitated method. The advantage of this method is focus on the rapid and
convenient process and the particle could be well-dispersed when it was formed,
compared as the iron oxide nanoparticles directly encapsulated into the nanocapsles

(easy to aggregate and difficult to encapsulate). .
9.9.3 Thermo sensitive behavior

The thermo sensitive behavior in the F127-and F68 series nanocapsules were
listed in Table 9.1 and Fig. 9.7. It shows'therCMT .of F68-series nanocapsules (above
body temperature) is not only much higher-than that of F127-series (below body
temperature), but also the ratio of size change of F68-series (4.1 times) is greater
than that of F127-series (3.2 time). The results shows F68-series nanocapsules are
more suitable in the application of thermo response drug carriers. In particular, it still
displayed the thermo response behavior when the iron oxide was precipitated and
well-dispersed into the inner of nanocapsules, indicating the precipitation of iron oxide
nanoparticles would not affect the chemical behavior of Pluronic® (CMT between
F68-EDC and F68-EDC-IO were almost the same), but physical behavior would
display some change (steric barriers) which the ratio of size change would decrease.
However, we assumed that the true ratio of size might not decrease after the occupied

volume of iron oxide nanoparticles (5-10 vol%) was deducted.

The main advantage of using Pluronic® F68 is the CMT (43.2°C) is above body
temperature, even though it was modified by NPC (39.3°C), gelatin (40.1°C) and EDC
(39.6°C). These CMT of Pluronic® F68 is more suitable to be used in the body than
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the Pluronic® F127 and some traditional thermo-sensitive polymer, ex. Poly
(N-isopropylacrylamide) (PNIAAm, CMT: 30-35°C). Another advantage of Pluronic®
F68 is more hydrophilic than Pluronic® F127 and hence the ratio of size change in
Pluronic® F68-series (4.1-6.5 times) is higher than that in Pluronic® F127-series
(3.2-4.9 times). The ratio of size change in Pluronic® F68-series is still lower than
Pluronic® F127/heparin nanocapsules in the literature [Choi, 2006], which exhibits
10-times fold in the diameter, but the stabilization and drug uptake of Pluronic®
F68-series are much better than luronic® F127/heparin nanocapsules. The reason is
that Pluronic® F127/heparin nanocapsules just used single emulsion (SE). We
presumed the stabilization in the single layer is not excellent even though cross-linked
by heparin. Moreover, it is just partially cross-linkomg by using heparin in the
Pluronic® F127/heparin nanocapsules, which is another unstable factor. In our works,
we used double emulsion and make second step cross-linking (fully cross-linking) by
EDC to strength the shell layer. Although!the ratio of size change exhibit some

decrease, the increasing stabilization. is good for storage to avoid the drug release.
9.9.4 Drug release behavior

Figure 9.8-(a) shows the relationship between the temperature change and drug
release behavior of F68-series nanocapsules as well as drug release by HFMF in the
F68-EDC-IO nanocapsules. Briefly, all of F68-series nanocapsules display stable
release in the range of 4 and 37°C and the drug release rate would increase gradually
with temperature rising (4-37°C), but the rate of release accelerates rapidly when the
temperature arrive 45°C (above CMT). The increase of release rate may be attributed
to the volume-shrinkage of nanocapsules. Similar report has also revealed in the
literature [Chung, 1999] For instance, Chung et al. indicated that the
poly(N-isopropylacrylamide) and poly(butyl-methacrylate) polymeric micelles showed
reversible structural changes allowing drug release upon heating /cooling fluctuations
through the lower critical solution temperature (LCST). These micelles released drug
upon heating above the LCST and was accelerated by volume-shrinkage, like a

pumping effect, and the effect was eliminated by just cooling below the LCST.

In particular, we are interested in drug release rate at 4°C, because it would be
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storage temperature. From the results, the drug release rate of F68-EDC-IO is lowest
and in the order: F68-EDC-IO<F68-EDC<F68-Gel<Pure F68. The reason is that the
shell layer would be dense after gelatin and EDC cross-linking to reduce the rate of
drug release. In other words, the drug is difficult to escape after the shell layer was
cross-linked. Moreover, similar to literature, presence of iron oxide particles (Sample
F68-EDC-I0) would induce a slight reduction in release rate in the absence of HFMF
[Satarkar, 2008]. This is hypothesized to result from hindered diffusion of drug due to
the physical presence of the nanoparticles in the network and also potentially from
affinity interactions between the drug and the nanoparticles. In the other hand, it was
also possible the particle size is slight larger than others at 4°C to induce the lower

drug delivery.
In addition, the sample F68-EDC-IO exposed to HFMF would release drug much

faster (ca. 20 times) as compared to the sample placed at 45°C water bath. Similar
with the literature [Satarkar, 2008], placing the:sample in 45°C water bath induces a
skin layer to form (surface collapsesifirst), leading‘to slower diffusion of water out of
gel, and hence slower drug release. This effect of collapse is significantly different
than the squeezing effect of the uniform-heating due to the applied HFMF. Here, the
surface starts collapsing first and henee it completely hinders transport of drug from
core of the disc to the outside [Kaneko, 1995]. In contrast, the uniform heating in nano
ferrocapsules by HFMF is significantly faster process since it internally heats hydrogel
as opposed to raising temperature of the surrounding solution. Since the HFMF did
not heat water or the polymers, it had negligible effect on swelling properties of control
hydrogels. This also implies that the HFMF will induce minimal heating in tissues

when used for implant type of applications.

Furthermore, upon magnetic manipulation, the drug showed a two-stage release
behavior, the drug exhibits squeezing release for first 10 minutes, and then stabilized
release for the following 60 min of operation. The rate of squeezing release in the first
5-min period (ca. 45°C measured in water bath) with HFMF was 20 times higher than
that at 45°C in the water bath without HFMF. The plausible reason is not only due to
the volume shrinkage at higher temperature but also the change in the pore structure

of the nanospheres under HFMF. Lu et al. group [Lu, 2005] reported ferromagnetic
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cobalt nanopaticles coated with gold shells (Co@Au nanopaticles) were embedded
into polyelectrolyte capsules. They demonstrated that such magnetic capsules
resulted in an increase of their wall permeability due to magnetostatic interaction
between nanoparticles under oscillating MF. Moreover, similar mechanism of pore
size enlargement under HFMF was also verified by BET analysis in our pervious work
[Hu, 2007 & 2008]. The average pore diameter of F68-EDC-IO nanocapsules were
determined by BET to be 6.2 and 12.8 nm without and with exposing 10 min to the
HFMF, respectively,. The pore size after HFMF treatment was about twice of that
without HFMF treated, and the pore was enlarged and even broken with HFMF

treatment.

The insert TEM image of Fig. 9.6-(d) depicts the collapsed and cracked
F68-EDC-IO nanocapsules. This suggests that the instantaneous drug delivery under
HFMF is due not only to the volume shrinkage but also the pore fracture (or pore
expansion). The collapsed situation.was caused by temperature rising but the pore
expansion (or fracture) might be .induced by magnetic vibration of nanoparticle under
HFMF. The changes in the porosities evidenced that'a non-contact HFMF can transfer
a kinetic energy into the F68-EDC-lOnanocapsules, and when the magnetic
nanoparticles received the energy, the.inner structures of the nanocapsules deformed
and subsequently produced or enlarged those pores in the magnetic nanospheres.
Therefore, the HFMF-induced energy can induce the vibration of iron oxide to enlarge
those pores to increase the permeability of the F68-EDC-IO nanocapsules, and also
convey the heat energy to shrink the volume of F68-EDC-IO nanocapsules to pump
the drug out. Pluronic F68 is thermo-response materials, and it is believed that the
nanostructure is changed by increasing temperature. It would achieve the
instantaneous drug release using the F68-EDC-IO nanocapsules by combining the
heat and dynamic energy to squeeze the drug out. Both factors (heat and enlarging
pore size) will increase the permeability of the nano ferrocapsules, and hence cause

the rapid and high amount drug-delivery

153



Chapter 10
Application

10.1 Fluorescence dye release in the ferrocapsules

To demonstrate the release behavior of the fluorescence dye (as model molecule
encapsulated in the center) from the ferrocapsules under HFMF, two cuvettes were
infused with fluorescence-loaded ferrocapsules dispersed in the aqueous solution.
The ferrocapsules encapsulated fluorescence dye (yello-green color) showed no
signal of release from the ferrocapsules under UV light detection after 24 hours
(Fig.10.1-(a)&(b)), suggesting that the dye molecules were enclosed in the
ferrocapsules and effectively inhibited from diffusion to surrounding solution for a time
period of 24 hours, where such a time period is far over the time duration required for
a metabolic operation in healthy body. However, while applying a high frequency
magnetic field (HFMF, 50 kHz and a%’mptﬁﬁut of 15W) to the cuvette for 5 minutes
(Fig. 10.1-(c)&(d)), fluorescence dy [

indicating the molecules were rele E

- |gh§ sensitive to HFMF stimulus and

stimulus, indicating that the ferrd’égp ,

show outstanding remotely controﬁéélgleas be ’éwor
'ﬁlfg'r nan
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Fig. 10.1 Fluorescence dye release behavior from the ferrocapsules: (a) without
HFMF and UV light; (b) without HFMF and with UV light; (c) with HFMF
without UV light; (d) with HFMF and UV light

In addition, 1g of these F68- NPC ferrocapsules loading fluorescence dye were
dispersed in the 10 ml of 40% (w/v) F127 NPC aqerus solution (F127-NPC-fluids,
dissolved at 4°C beforehand) -_by sqn‘_‘lgatlon‘ at 4?C for 6 hr to form F127-NPC

ferrofluids. Later, the Si substrat-é"-'We'fé"silléf{'i:ied_“fw‘ith aminotrimethoxysilane (ATMS,
NHaz-silane, Aldrich) by soaking and ééﬁicatin"g’ ih.a 1 wt% toluene solution of ATMS for
1h. After rinsing with toluene and ethanol, and finally sonicating in ethanol for 5 min,
they were dried in air. The purpose to use ATMS was it could be as a crosslinking
agent between Si substrate and polymer. F127-NPC ferrofluids was spinned coating
on the silanized Si substrate and repeated 5 times (5-layer coating, ca. 50 um), as
shown in insert SEM image in Fig. 10.2. NO,-Ph group of F127-NPC would be
conjucted with NH, group of ATMS to immobilize on the Si substrate. The coating
substrate was immersed in the 10% (w/v) gelatin aqueous solution for incubated 24 h,
and then immersed in the 1.5% (w/v) EDC solution for another 24 hr, in order to fully
crosslink the F127-NPC layer, which is a protection layer to avoid the ferrocapsule to
escape. In addition, F127-NPC layer would transfer to ferrogels from ferrofluids when

the temperature above to 23°C (CMT of F127-NPC) to from stabe network. The
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scheme of the coating process was depicted in the Fig. 10.2.

The resulting samples would release the fluorescence dye under HFMF
treatment for 5 min, but it would not work in the absence of HFMF, as shown in Fig.
10.3. Fig. 10.3-(a)&(b) depicted that no signal (yellow-green color) before and after
UV light exposed without external HFMF. However, the signal was detected in the Fig.
10.3-(d), it exhibited that yellow-green color when UV light exposed, implying the dye
was bursted in the presence of HFMF. According to this simple trial, we believed that it
could be applied in the biomedical device, such as biochip and intelligent drug delivery

system, by magnetic field modulation in the future.
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Fig. 10.2 Scheme of the coating process and chemical reaction of F127-NPC
ferrofluids loading F68-NPC ferrocapsules on the Si substrate
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*

Fig. 10.3 Fluorescence dye release behavior from the Si substrate coating with
ferrogel (a) without HFMF and UV light ; (b) without HFMF and with UV
light ; (c) with HFMF without UV light ; (d)with HFMF and UV light
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Chapter 11
Conclusion

11.1 Biodegradable Ferrogel (Gelatin)

1.

It could be anticipated that this smart magnetic hydrogels in drugs carriers to

control the drugs release rate under a MF controlling.

Softer ferrogels cause the more obvious magnetic sensitive properties of drugs

release in MF sw itching “on” is demonstrated.

Nano-ferrosponges with tunable magnetic sensitive behavior were successfully
prepared by an in-situ synthesis of magnetic nanoparticles in the presence of

gelatin.

. Nanopores with size ranging from 2 to 100 nm in diameter can be synthesized

within the magnetic nanoparticulate network .The nanopores are then manipulated
with a reduced size by extermally controlled magnetic field, which allows the

resulting ferrosponges suitable for control release of active agents.

Release kinetics of a model drug, i.e.; vitamin B4z, also showed a series of tunable
kinetic parameters under magnetization, and this finding allows a slow release of

drug molecules achievable for practical uses.

Ferrosponge with optimal 5G-5F composition was evaluated, where an optimal
“‘magnetic sensitive behavior” was detected as a result of its stronger Ms and

looser polymeric structure.

Ferrosponge with 5G-5F composition also illustrated a consdierably improved
anti-fatigue property under repeated on-off MF operations for a consecutive drug

release control.

11.2 Non-Biodegradable Ferrogel (PVA)

1.

2.

A PVA ferrogel with magnetic-sensitive properties has been successfully prepared
by mixing PVA hydrogels and Fe3O4 magnetic particles through freezing-thawing

cycle.

The best “magnetic-sensitive effects” in the DC magnetic field are observed in
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PVA5-LM17 ferrogel due to its stronger Ms and smaller Hc. The order in the DC is
PVA5-LM17 (150-500nm)>PVA5-SM17 (5-10nm)>PVA5-MM17 (40-60 nm).

. The phenomenon is totally different from the magnetic-sensitive behavior in the
AC magnetic field. PVA5-MM17 ferrogel would exhibit the highest drug bursting in
the AC magnetic field, whereas the PVA5-SM17 is lowest, which is in order:
PVA5-MM17>PVAS5-LM17 >PVA-SM17, as related to the area of hystersis curve.

. Hc and Ms in the ferrogel would play an important role to judge the magetic

response behavior in the different magnetic field (DC and AC magnetic field)

. Amount of drug release can be controlled by fine-tuning of the switching duration
time (SDT) through an externally controllable on-off operation of the given

magnetic field.

. It was found that the amounts of the drug released from the ferrogel can be
controlled by changing the duration time between each on-off operation of the
magnetic field. This observation suggests that the controlled release of drug with

adjustable amount can be properly designed for practical needs.

. Effect of the Fe304 and matrix PVA on-the magnetic-sensitive behavior of ferrogels
also was systematically investigated. Magnetic 'sensitive behavior map in terms of
FesO, concentration was constructed” and the behavior reached a “saturation”
region in the range of 17-34% Fe304. Below or above that region, a reduction in

the magnetic sensitive behavior was observed

. Both the concentration dependence of the magnetic sensitive behavior with
respect to PVA and Fe;0,4 can be explainable in terms of a space restriction model
(translated into available free volume) and magnetization (translated into the

interaction energy).

. These two factors impose opposite effect to the resulting magnetic sensitive
behavior, and accordingly, an optimal combination of both available free volume
and interaction energy can be found for the ferrogels with a composition of 17-34%
FesO4 and 10-12.5% PVA.

10.1t is anticipated that the ferrogels with an optimal mixture of PVA and Fe3O4

displays a magnetic-sensitive behavior that permits the ferrogels technologically
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applicable as a microdevice for delivery of therapeutic drugs in a highly

controllable manner.

11.This novel ferrogel that displays a magnetic-sensitive behavior can be used as a
microdevice with simple and precise control of mechanical movement of the

ferrogels for controlled delivery of therapeutic drugs.
11.3 Thermal sensitive Ferrogel (Pluronic®)

1. Novel thermo-sensitive ferrofluids were successfully synthesized with core-shell
NMPs and F127-fluids, and can be modulated by temperature changes to form

ferrogels.

2. By its thermo-triggered operations and higher drug uptake properties, it is
potential that this typed F127-ferrofluids can be applied as a biomedicine

application, such as drug carriers.

3. The dual-functional (magnetic/thermal) drug:carriers were successfully fabricated
by in-situ and self-assembly process,-and the core-shell structure was examined
by TEM, XRD, Raman spectra‘and XPS. Furthermore, the thermal sensitivity of
F127-shell MNPs also was measured by controlled-temperature UV-Vis spectra,
PL, and DLS.

4. The unique feature of our novel drug carriers is that it is possible to load
amphoteric drug (or a combination of drug) that can partition into the F127 shell

surrounding iron oxide nanoparticles.

5. The actuating mechanism of this-type drug carrier is used the hyperthermia to
arise temperature. When the arising temperature is higher than CMT or LCST, the
drugs can be burst from the dual-functional drug carriers by the volume

compressed.

6. By an external oscillating MF, the heat source can be produced to induce the
instantaneous drug delivery by sharply volume transition (10-fold) from 15°C to
35°C, which is approximately 5 times higher at first 5-min than that just by

incubation at 35°C water bath.

7. This bursting drug delivery is very important to tumor and some emergency
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10.

11.

12.

13.

14.

therapy. In addition, the F127-shell MNPs can produce heat by hyperthermia,
which not only provides thermal response on the F127 shell, but also kills the

tumor cell when the temperature rises above 40°C.

Therefore, the dual functional magnetic drug carriers offer a promising technology
for “switchable” drug release in the biomedical studies by using an external

magnetic field.

However, it would be better if CMT of F127-MNPs can be raised to 40°C, because
it is more suitable and potential for human body, which means it will release drug
at 40°C but stop at 37°C.

It is in the progress in our group to synthesize the Pluronic series by covalently
bonding with hydrophilic compounds in order to achieve the higher CMT. In other
words, it is also possible to functionalize our F127-shell MNPs with ligand or
antibodies to further enhance their potential, including as agents (ex. quantum

dots) for magnetic imaging or tracking.

The single and double layer of activated'Pluronic® nanocapsules (F127-NPC and
F68-NPC) were prepared by single and double-mulsification/solvent evaporation
method, respectively, and then ‘cross-linked by gelatin and EDC (two-step

cross-linking).

The dual-functional (magnetic/thermal) drug carriers (F68-EDC-10) were
successfully fabricated by in-situ precipitate and self-assembly processes, and
the characterization was examined by TEM and XRD analysis. The iron oxide
nanoparticle encapsulated into the nanocapsules was tentatively assigned to iron
carbonyl (CgFe;Og) and displays nanocrystal characterization.

Controlling the concentration of Pluronic® could fabricate different size micelles
(as a tank to incubate the iron oxide nanoparticles) and thus clould dominat the
size of iron oxide nanoparticles (The lower concentration Pluronic® F68-NPC, the
larger particle size and stronger crystallization of iron oxide nanoparticle are).

All of nanocapsules exhibited thermo response behavior (CMT of F127-series:
22-26°C; CMT of F68-series: 39-43°C), and CMT measured by DLS would

obviously decrease after activated by NPC and slightly increase after gelatin
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15.

16.

17.

18.

19.

cross-linking. Moreover, CMT was almost no obvious change after EDC
cross-linked and iron oxide nanoparticles encapsulated. F68-series nanocapsules
were more suitable and potential to use in the body, because the CMT is above

body temperature

For the natural drug release, all of nanocapsules display stable release in the
range of 4 and 37°C and the drug release rate would increase gradually with
temperature rising (4-37°C), but the rate of release accelerates fast at 45°C
(above CMT). The increase of release rate may be attributed to the

volume-shrinkage of nanocapsules.

By an external oscillating MF, the heat source can be produced to induce the
instantaneous drug delivery by sharply volume transition (ca. 10-fold) from 20°C
to 45°C, accompanying the enlarged and cracked pore by magnetic vibration of
iron oxide nanoparticle, which is approximately 20 times higher at first 10-min
operation than that just by incubation at 45°C water bath. This squeezing drug

delivery is very important to apply in tumor and some emergency therapy.

Heat can produce by hyperthermia in the sample F68-EDC-IO nanocapsules,
which not only provides thermal response-on the Pluronic® shell, but also kills the
tumor cell when the temperature risesrabove 40°C. Therefore, the dual functional
magnetic drug carriers offer a promising technology for “switchable” drug release
in the biomedical studies by using an external magnetic field. The novel “smart”
biomaterials promise numerous potential applications in externally actuated drug
delivery systems for release of drug molecules, such as tumor and epilepsy

therap.

In summary, the dual-responsive (magnetic/thermal) materials can be anticipated
for a much promising drug-delivery systems and can enhance the practicability of

thermo-sensitive hydrogels.

The magnetic nanoparticles still provides some advantages, such as grafted
probe-protein onto magnetic nanoparticles for “target” drug delivery systems and
using magnetic resonance image (MRI) techniques for cell-tracking, as well as the
magnetic materials can be “recycle” used and separating cells by magnet
catching. Therefore, according to combine these techniques with thermo-sensitive
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ferrogel, it is easy to find the region of disease, and delivers drug in the accuracy

region by magnetic fields controlled (hyperthermia).
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Appendix 1: Magntic Variables and Units [Klabunde, 2001]

The magnetic field strength (or intensity) is usually represented by H. H will be
reserved for fields that result solely from free currents, such as an electric current
flowing in a wire. The magnetic moment per unit volume of a magnetic material is
measured by M, the magnetization (or polarization). M results from the two atomic
motions: the orbital and spin motion of the electron, mentioned above. These are
often viewed macroscopically as equivalent or effective currents. Finally, the general
case of a field due to both free and equivalent currents is described by the magnetic

induction, B. These three quantities are tied together in the field equation
B=H+4aM |cgs] [A1]

Thus B can result from a combination of H and M. For example, an electromagnet
made by winding coils of copper wire around an iron rod and then passing a current
through the wire has an H from this_current, an:M from atomic motion of the electrons

in the iron, and a total B that is thé sum of these. two as described by Eq. (A1)

The units of H,M, and B are fundamentally all the same, as implied by Eq. (A1),
and depend on the system of units being used. There are number of unit conventions,
each with advantages and disadvantages:-There are currently three systems of units
that see widespread use. Historically, workers in magnetic materials have used the
cgs (centimeter, gram, second) or Gaussian system. More recently attempts have
been made to change over to the Sl system (in mechanics Sl implies mks-mter,
kilogram, second). There are two Sl system, the Kennelly and the Sommerfeld
conventions, the latter slowly gaining acceptance in the magnetism community. Table

A1 gives the units for the important magnetic quantities.

Conversion factors are:

1 oersted (Oe) = (1000/4n) Am™!
| gauss (G) = 104 tesla (T)

l emucm™ = 1000 Am™!

173



Table A1

Magnetic units. A is ampere, cm is centimeter, m is meter, emu is
electro magnetic unit, B is magnetic induction, H is magnetic field
strength, M is magnetization of a substance per unit
volume, u, = 47 %107 newton/ampere? is the permeability of free space.
In the Si-Kennelly convention the magnetization is I, the intensity of
the magnetization

Quantity cgs (emu) SI (Sommerfeld) SI (Kennelly)
B 2auss tesla tesla

H oersted Am™! Am™!

M emu cm > Am! —

1 — — tesla

Field equation B=H +4nM B = py(H + M) B=puyH+1
Energy E=—u-H E=—pou-H E=—u-H

With the information in Table A1 one can show:

| emu = 1 erg Oe~!

Also note

=1 (erg cm”)

that in the cgs system'the magnetization M can also be written per gram of

substance. Then one often finds the symbol p used, viz.

c=M/p (emu g_l) [A2]

where p is the mass density.

Examples

of magnetic field are those of the earth, for which B=0.8G=8 x 10T, or

near a pole of a common permanent magnet where B~1000G, etc. Beware, however,

because usage of magnetic units is often not careful and units get mixed.
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Appendix 2: (News) Smart magnetic hydrogels for drug release
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Nanowerk = Spotiight =

May 18, 2005
Smart magnetic hydrogels for drug release

(Nanowerk Spotiight) Smart magnetic hydrogels were investigated by researchers in Taiwan for the
development of a new magnetically induced drug delivery system. By applying magnetic fields, they
were able to switch the the drug release profile of the hydrogels between “on” and “off* mode.

The research was carried out by Professor San-Yuan Chen and his group at the Department of Materiais
Science and Engineering at National Chiao Tung University in Taiwan.

So far, there has been little advance in the field of ferrogel specifically for drug delivery applications
although magnetic materials have been widely used in the field of biotechnology in bio-separation,
artificial muscles and drug carriers. The Taiwanese researchers' recent work demonstrates a good
example for ferrogel applications, and going further, a controlled drug delivery and release mechanism
that can be externally manipulated.

Their work primarily explores the physical mechanism of the mechanical movement of the ferrogel
(magnetic hydrogel) upon the introduction of magnetic particles of different size and different
inorganic/organic concentrations.

The sensitivity of the resulting ferrogel upon a given magnetic field can be enhanced by manipulating
from nanoscale to microscale. Furthermore, this magnetic-sensitive ferrogel is even superior to
traditional stimuli response polymer, such as pH or thermal sensitive polymer, because magnetic
stimulation is an action-at-distance force (non-contact force) that is easier to adapt to biomedical

devices.
External
- Magnetic Field
. ON
OFF
Pore “open”

Pore “close™
Drug delivery decreased

Mechanism of magnetic-
sensitive behaviors
(Source: San-Yuan

Chen, National Chiao
Tung University)

Polymer chain
Magnetic nanoparticles

Chen's recent paper, titled "Preparation and characterization of smart magnetic hydrogels and its use for
drug release” is currently posted as corrected proof on the Journal of Magnetism and Magnetic Materials'
website. A paper titied "Magnetic-sensitive behavior of intelligent ferrogels for controlled release of drug "
will be published in an upcoming issue of Langmuir.

Chen explains to Nanowerk the specific problem that his team's work has overcome: "In conventional
drug delivery systems the drug is continuously released from the drug carrier, once it is administrated
into patient's body, even when there is no need any more. This could raise potential toxicity issues."

"However, for the ferrogel prepared in our current work," Chen says "the release of the drug can be held
or ceased altogether when the patient's body does not require any further dose; and the drug can be
released again if and when needed via an externally-triggered magnetic field. As a result, an efficient
and effective drug therapy can be administered at the right time with the right dosage."

Chen sees biologically triggered, magnetically-induced drug delivery systems as an important
contribution to future biotech developments. "This work is one of the fundamental achievements in our
research team" he says.

By Michae! Berger, Copyright 2006 Nanowerk LLC. Al rights reserved.

Privacy Statement | Terms | Contact Us | Nanowerk Home | Top of Page

The contents of this site are copyright @ 2005-2006, Nanowerk LLC._ All Rights Reserved

http:/manowerk.com/spotlight/spotid=507.php 2006/5/19
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by a High-Frequency Magnetic Field
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Cantraolled Pulsatile Drug Release from a Ferrogel
by a High-Frequency Magnetic Field
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Stimuli-respensive controlled release drug from polymenc
devices has been received great attention, as it provides
advantages such as better delivery efficiency and site-specific
therapy over the conventional routes of drug delivery. By
making use of these advantages, a number of studies have been
successfully proposed to integrate active drug molecules and
host materials, to manipulate dmug release desirably. Many
previous studies have been reported in response to specific
stimuli, such as temperamre '~ pH.** electric field.%” mechan-
tcal signal ® and ultrasound ® A very recent achievement of a
protein-containing hydrogel, reported by Ehrick et al 1 ad-
dressed the stimuli-sensitive hydrogel that can be triggered as
a result of the conformational change of the embedded calm-
odulin protein interacting to bicactive agents. Such a transfer
from sensing actuation to mechanical action 1s novel, but it may
be hard for it to reach high accuracy and sensitivity i
therapeutic dosing as a burst-conirolled drug delivery system.
The use of a magnetic field to modulate drug release from
polymeric matrices was previcusly developed !'~!* Saslawski
et al. reported the algmated microspheres for pulsed release of
msulin by an oscillating magnetic field 1* The release rate of
insulin from alginate—strontium ferrite microspheres was
enhanced i the absence of a magnetic field. Recently. a
polyelectrolyte microcapsule embedded with Co/Au used ex-
ternal magnetic fields of 100—300 Hz and 1200 Oe to increase
its permeability to macromolecules.’® In previous studies, a
ferrogel with direct current (dc) magnetic-sensitive properties
has been charactenized and the amount of drug released from
the ferrogel was effectively restricted wlile applying an external
dc magnetic field 1617 Sp far, hitle investigation has been
addressed on the controlled drug release under gh-frequency
magnetic fields (HFIMF). A real-ime burst release of drug needs
a fast-responsive drug release system to “inject” a precise dose
of drug when the body needs it and to “stop™ or “slow™ the
release right after the mjection; however, 1t 1s hard to easily
achieve this with traditional stimuli-responsive hydrogels. A
controllable pulsatile-type drug delivery device with repeatable
dosing ability 1n therapeutically effective precision 1s climically
desirable. Therefore, 1n this communication, a high-frequency
magnetic field (HFMF) triggered pulsatile drug delivery ferrogel
with a mechanically reliable and flexible hybrid structure
composed of gelatin and magnetic nanoparticles (nanomagnets)
of 10—250 nm m diameter 1s reported. Furthermore, under cyclic
exposures to the high-frequency magnetic stimuli, a highly
controllable and repeatable burst release with desirable precision
from the ferrogels is achieved.

* Corresponding authors. Telephone: +836-3-3731818. Fax: +886-3-
3725490; E-mail: (5.-Y.C.) sanyuanchenf@mail nctuedutw; (D-ML)
deanmo_lm@yahoo.ca.

10.1021/ma0707584 CCC: $37.00

Macromolecules 2007, 40, 6736—6788
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Figure 1. (a) SEM, (b) TEM, and {c) XP5 analyses of ferrogels
composed of iron oxide nanoparticles and a gelatin matrix.

Figure 1a illustrates the SEM images of one of the ferrogels
shaping i cylindrical geometry. namely 40nm@GE ferrogel,
where 40nm{@GE represents the ferrogels with gelatin cross-
linked with genipin, reinforced by 2 wt % clutosan, and 3%
Fe;04 magnetic nanoparticles (nanomagnets) of average 40 nm
in diameter. Chitosan provides several functions in the final
hybnd structure, such as (1) matrx for drug encapsulation, (2)
materials to provide deformation motion. and (3) binder to link
the nanoparticles. As shown, the wron nanoparticles were
embedded into the polymer matrix and the nanomagnets
displayed a uniform spherical size and dispersed well i the
ferrogel. TEM image, 1.e., Figure 1b, exhibits that the gelatin

2 2007 Amernican Chemical Society
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Figure 2. (a) Drug release behaviors of the ferrogels under a 10 min

exposure of high-frequency magnetic field (HFMF) and (b) the on—
off switch operations of high-frequency magnetic field (HEMF)
mamipulating the cumulative drug release of the ferrogels with different
sizes of the nanomagnets.

was intimately attached to the surface of the nanomagnets, and
the nanomagnet particles also percolated as a contimous phase,
indicating the resulting ferrogels are virtually an interpenetrating
network composites. This also suggests that the physical or
thermal mnteractions between these two closely contact. inter-
penetrating phases can be eastly triggered and accessible from

- -
ron oxide particles

High Frequency :
Magnetic Field

Drug Mclecules
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one phase to the other at a nanometric level. This also ensures
fast-responsive properties of the ferrogels that can be aclueved
as disclosed in the forthcoming analysis.

The nanomagnets were essentially chemically bounded with
the gelatin matrix to form the ferrogel. which further evidenced
from XPS analysis, in Figure 1c. The binding energy of Oy, is
detected from 527.0 to 537.0 eV, and the peak of won oxide
was at 529.3 eV, which 1s reasonably consistent with literature
report, 1., 528—531 eV. A peak at 5304 eV for the gelatn
indicates its carboxylic acid group; however, a shifting to higher
energy region (531 4 V) when the iron oxide particles were
incorporated. implying that the carboxylic acid was chemically
bonds or immobilized, onto the nanomagnet surface. The higher
binding energy 1s believed to be a result of esterfication between
hydroxide moiety on the surface of the MNPs and carboxyhic
acid group of gelatin, forming a COO—Fe bonding, indicating
an excellent chemucal affinity between both participating phases
and a mechanically strong solid network of the ferrogels is
achieved.

Upon magnetic manipulation, the drug (vitamin By;) released
from the ferrogels was demonstrated in Figure 2a. The ferrogels
with different particle sizes of the nanomagnets showed different
release rates even though they possessed the same concentration
of the nanomagnets. In companson, pure polymer gelaun
showed faster drug release rate than that of the ferrogels,
indicating the nanoparticles are acting as physical barriers to
inhibiting the diffusion of the drug molecules. After the initial
ume period (50 min) of slow release, the high-frequency
magnetic field (HFMF) was applied to the ferrogels for 10 min,
and then was removed. The amount of drug release from the
40nm@GE ferrogel burst to a level as high as about 63%
compared to 12% dunng the first 50-min release mn the absence
of the HFMF. The finding strongly indicates that the applied
HFMF accelerated considerably the dmg release from the
ferrogels of 40nm(@GE composition by as large as 5 times. More
specifically, the amounts of drug release from the ferrogels with
different particle size were increased in the order of 40nm(@GE
> 20mm@GE > 250nm@GE > 10nm@GE > pure gelatn
under the same magnetic shmulus. However, the release profiles
after the 10-min burst, restored almost completely right after
removal of the high-frequency magnetic stimulus, and behaved
almost exactly the same as those at the itial 50-min peried. A
real-time, fast-responsive drug delivery ferrogels can be achieved
and the faster responsivity of the ferrogels with respect to the
HFMF sumulus offers greater potential for an in-time drug
release device for medical applications.

s

DRz

.ﬂt

ﬂh_.n..a‘ Drug release fast

Heat energy

nampartides

Figure 3. Schematic drawing of structures of ferrogel which exhibited a triple-helix structure to restrict the drugz molecules to release. While
applying the high-frequency magnetic field (HEMF). the magnetic nanoparticles provides the heat energy to release the structures and twist and
shake the polymer molecular chains to effectively accelerate drug release rate.
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Figure 4. Cyclic drug release rates of 40nm@GE ferrogels under a
5-min period of HFMF stimuli and a long 180 min switching duration,
where a longer switching time period ensures the drug to reach a
kinetically favorable distribution in the ferrogel for a subsequent burst
release.
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Upon tripled on—off operations of the HFMF to the ferrogels,
Figure 2b shows that reproducible slow-to-burst release profiles
while consecutively applying the magnetic stimulus at a 5-min
switching time period and the release profile restored im-
mediately when the stimulus was removed. The findings imply
two important charactenistics underlying the drug release pattern
of the high-frequency-induced ferrogels: first, under a short time
“on—off” exposure of the magnetic stmulus, the ferrogels
followed exactly the signals switching from burst to slow release
of the drug instantly, and second, the amounts of drug bursting
from the ferrogels maintamned accurate dosing under cyclic on—
off operations of the HFMF. The latter suggests the ferrogels
prepared deformed elastically and showed potential antifatigue
behavior, while the former indicates a fast-acting response of
the ferrogels that can be techmically achieved with desirable
stimuli-sensitive control of drug delivery through the incorpora-
tion of 40 nm nanomagnets (average diameter).

The bursting release of the drug from the ferrogels 1s indica-
tive of a muxture of mechanical actions imposed by the ferrogels,
which may mclude (1) an “open” configuration of the network
structure and (2) an elastic deformation (1.e.. contractile deforma-
tion) of the ferrogels, while being subject instantly to the HFMF
stimulus. Under HFMF, the nanomagnets were activated kinetic-
ally and possibly thermally (for larger nanoparticles), and they
transformed the structural or molecular configuration of the
ferrogels upon mucrostructural deformation (shnnking) of the
gelatin matrix. Gelatin 1s considered to be a thermosensitive
polymer since 1ts conformation 1s a coil in the warm water (=40
°C) but turns into a gel structure involving triple-helix sequences
on cooling 131* Among the ferrogels prepared. magnetization
evaluation (see Supporting Information, Figure S1) showed
40nm@GE composition exhibiting the broadest hysteresis loop
compared to the others, indicating more energy can be generated
instantly under the high-frequency magnetic stimulus. In other
words, the 40nm@GE ferrogel was effectively thermally
activated, where a rapid change in molecular conformation of
the gelatin matrix from denser to looser configuration, as
schematically 1llustrated in Figure 3, 15 expected m the ferrogels
by a high-frequency magnetically induced thermal vanation near
the nanoenvironment surrounding the nanomagnets.

For a long HFMF switching duration, 1.e., 180 min_ Figure 4
1llustrates a series of bursts started after a first 3-h slow release,
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under a 5-min duration of HFMF stimuli, where a gradual
reduction in the burst release rate was detected with time. Even
though the longer switching time period of the high-frequency
magnetic stimulus ensures a kietically favorable drug nmgration,
the mnsufficient drug amount 1n the ferrogel can hardly sustamn
the same burst release rate. However, a relatively slow to near-
zero release rate was detected immediately after removal of the
HFMF and kept relatively constant during the time duration,
1.e.. 180 min, between each stimulus. The same scenario of burst
and slow release profiles repeated accurately for a time peniod
of 840 min of drug release operation proved that the ferrogels
exhibited an excellent elastic deformation property. This allows
consecutive operation for a continuously controlled burst release
of a drug mto a patient’s body to maintam a therapeutically
effective dose in the body for a longer period of time to
efficiently treat the disease locally or systemically. One clinically
important advantage of this high-frequency-modulated fast-
acting drug delivery ferrogel over other existing drug delivery
devices 1s that 1t can potentially meet immediate urgent
physiological needs and, with dosing, compatibly match chro-
nological changes in patients” bodies.

Supperting Information Available: Text giving experimental
details and effect of magnetic partical size with a a figure showing
the latter. This material 1s available free of charge via the Internet
at http://pubs.acs.org.
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Core—Shell Magnetic Nanoparticles of

Heparin Conjugate as Recycling Anticoagulants

Ting-Yu Liu, Li-Ying Huang, Shang-Hsiu Hu, San-Yuan Chen*, and Ming-Chien Yang

1 Department of Materials Sciences and Engineering, National Ghiao Tung University, Hsinchu, Taiwan, 300, ROC
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Polyvinyl alcohol-shell magnetic nanoparticles (PVA-shell MNPs, PMNPs) were successfully pre-
pared by in-situ co-precipitation process. Heparin (HEP) was then covalently conjugated on the
PMNPs by using aminotrimethoxysilane (ATMS) and 4,4-diphenyl methane diisocyanate (HMDI)
as molecular coupling agent (spacer). The morphology of the core—shell PMNPs was examined
using transmission electron microscope (TEM), X-ray diffraction (XRD), and Raman spectrometry
to demonstrate the core—shell structure, as well as X-ray photoelectron spectroscope (XPS) to pro-
vide direct evidence that the heparin molecules were immobilized on the surface of the core—shell
PMNPs. Anticoagulant activity was evaluated with several parameters including activated partial
thrombin time (APTT), prothrombin time (PT), fibrinogen time (FT), and thrombin time (TT). The
results show that longer spacer would give better anticoagulant activity since lower steric hindrance
can induce higher heparin grafting density. It might be anticipated that PMNPs of heparin conjugate
can be used as anticoagulants instead of traditional free heparin, owing to its recycling character-

Jourmal of Biomedical
Nanotechnology 3 (2007)

istics by magnetic fields.

Keywords: Core-Shell, Magnetic Nanoparticles, Anticoagulants, Heparin.

1. INTRODUCTION

Recently, the use of magnetic nanoparticles (MNPs) of
iron oxide is mainly focused on biomedical applications
because they show rather low toxicity than other magnetic
materials, such as radiopharmaceuticals, magnetic reso-
nance imaging (MRI), diagnostics, immunoassays, purifi-
cation, separation, reproducible properties, hyperthermia,
and controlled drug release.!”'” For these applications,
well-dispersed magnetic nanoparticles are needed. Up to
now, several polymers have been used as coating agents to
improve colloidal stability of MNPs by adsorption or cova-
lent binding, namely bovine serum albumin (BSA), starch,
poly(ethylene glycol) (PEG), Pluronics, poly(acrylic acid)
(PAA), and poly(vinyl alcohol) (PVA).!'>*1-" However,
the stabilization of MNPs thus prepared was longwinded
and complicated processes. Therefore, the in-situ process
to fabricate core (magent)-shell (PVA) MNPs is more
convenient and simpler than those traditional methods.
PVA-shell was selected because it displays amphoteric
characteristics and can be applied in aqueous environment
and in organic solvent for the encapsulation of amphoteric
drugs, as well as used as dispersing agents to uniformly
disperse the Fe,O, particles.!’

*Author to whom correspondence should be addressed.
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In addition, surfaces grafted with biomolecules are
important for modern biotechnology and life science. The
functions and modification of the surface of MNPs with
various biocompatible and biodegradable materials using
various organic or inorganic substrates have been widely
examined in biomedical fields.!:2-%:6 10-1%.16-18 Daytrap-,
albumin-, and transferring-coated MNPs have been tested
in vitro using human dermal fibroblasts cells, as well as
MNPs conjugated with antibodies, enzymes, and proteins,
have been tested to specific targeted cells as drug delivery
systems.'* ¥ Moreover, heparin immobilized on magnetic-
microspheres for anticoagulation and avoiding thrombosis
has been reported.?

Heparin, an anticoagulant and a highly sulfated, anionic
polysaccharide composed of repeating disaccharides of
1.4-linked glucosamine and uronic acid residues, can pre-
vent the thrombus formation by interacting with antithrom-
bin IIT (AT-III) after contacting blood.?"?! When someone
needs to transfuse blood, both of them (blood and heparin)
will be injected to human body at the same time. However,
a great amount of heparin will cause an allergic reaction
in the human body. So, it was aimed to design a recy-
cling anticoagulant by combining iron oxide and heparin to
prevent heparin from getting into body. In this condition,
the heparin could be removed before injected into blood
because the PNMPs of heparin conjugate can be collected

179

doi: 10, 1166/jbn. 2007.044 353

Appendix 4: Magnetic Nanoparticles as recycling anticoagulants

3712114V HOHVY3S3H



RESEARCH ARTICLE

Core-Shell Magnetic Nanoparticles of Heparin Conjugate as Recycling Anticoagulants

by magnetic field. Therefore, the new developed PMNPs
of heparin conjugate can be used as recycling anticoagu-
lants instead of traditional free heparin.

However, the immobilization process is usually quite
complicated and strongly dependent on special coupling
agents. Organosilanes are bifunctional melecules with the
general formula X-(CH,),-SiR,(OR);_,. where X rep-
resents the headgroup functionality, (CH,), a flexible
spacer, and Si{OR), the anchor groups by which (after
hydrolysis of the alkoxy group) they can attach to free
Si—OH surface groups.* Alkoxysilanes with a variety
of X functionalities are commercially available. Therefore,
aminotrimethoxysilane (ATMS). an aminosilane, was used
in this study. The fabrication process of PVA shell MNPs
(PMNPs) was aiming to immobilize heparin onto PMNPs
by ATMS and HMDI with different spacers through in-situ
co-precipitation of Fe(Il) and Fe(IIl) salts in the presence
of PVA. The morphologies were characterized by trans-
mission electron microscope (TEM), X-ray photoelectron
spectroscope (XPS), X-ray diffraction (XRD), and Raman
spectrometry. Interactions between blood and modified
core—shell MNPs were examined in terms of the blood
coagulation times to evaluate the effect of grafting den-
sity of heparin and the spacer length on the blood-MNPs
interaction.

2. EXPERIMENTAL DETAILS

2.1. Preparation of Modified PVA-Shell Magnetic
Nanoparticles (PMNPs)

Figure 1 depicts the process of surface modified
PMNPs. The stable PVA-shell magnetic nanoparticles
(PMNPs) were synthesized using the method of in-situ
co-precipitation of Fe(II) and Fe(IIl) salts in the presence
of PVA (Fluka, M.W.: 72,000, degree of hydrolysation:
97.5-99.5 mol%). In this process, 0.05 g of PVA, 1.35 ¢
of FeCl, - 6H,0 (5 mmol, Riedel-deHaén), and 0.498 g of
FeCl,-4H,0 (2.5 mmole, Fluka) were dissolved in 50 ml
of water under vigorous stirring at 60 °C. Then, ammo-
nia solution (33%, Riedel-deHaén) was quickly added to
the reactor and stirred until pH arrives 10, followed by
hydrothermal treatment at 80 °C for 30 min. After washed
five times, filtered, and freezing-dried, PMNPs were suc-
cessfully prepared. Besides, bare Fe;O, MNPs fabricated
via the co-precipitation process were used as the reference
materials.’

The PMNPs (or Fe,0, MNPs) then were silanized with
aminotrimethoxysilane (ATMS, NH;-silane, Aldrich) by
soaking and sonicating in a 1 wt% toluene solution of
ATMS for 1 h.** After rinsing with toluene and ethanol,
and finally sonicating in ethanol for 5 min, they were
freezing-dried. These samples were denoted as PMNPs-
ATMS. PMNPs-ATMS were soaked and sonicated in
10 ml of 10 vol% HMDI for 1 h to cause the conjugation
between -NH, of ATMS and -NCO of HMDI (denoted
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as PMINPs-HMDI). After rinsing with toluene, ethanol and
doubly distilled water, PMNPs-HMDI were placed in the
aqueous solution of 2000 IU/ml HEP for 1 h in order to
bind —OH functional groups of HEP to the -NCO groups
of HMDI. These samples were washed 3 times with phos-
phate buffer saline (PBS) and doubly-distilled water. The
resulting samples were freezing-dried at —50 °C using a
freeze-dryer for 24 h. The resulting samples were des-
ignated as PMNPs-ATMS-HEP (long spacer). The prepa-
ration of PMNPs-HEP (without ATMS, short spacer) is
similar to that of PMNPs-ATMS-HEP, except skipping the
process of ATMS conjugation. Thus HEP was immobilized
onto PMNPs by reacting the -NCO group of HMDI to the
—OH groups of both PMNPs and HEP.

2.2, Surface Characterization Analysis

The surface density of amino groups of ATMS and hep-
arin immobilized density were determined by dyeing with
C.L Acid Orange 7 (Tokyo Kaseo Kogyo Co., Ltd., Japan)
and toluidine blue O (TB, Sigma, USA), respectively. >
The absorbance of the dye uptaken was measured using
a spectrophotometer (Ultrospec 1100 pro, Biochrom Ltd.,
Cambridge, UK).

The morphology of PMNPs was examined using
field-emission scanning electron microscope (FESEM,
JEOL-6500, JEOL, Japan) and transmission electron
microscope (TEM, JEOL-2000FX, JEOL. Japan). The
crystal structure was determined using X-ray diffraction
(XRD) (Siemens-D5000, Germany) with CuKea radiation.
The functional groups on the modified-PMNPs were ana-
lyzed using Raman Spectrum (Horiba Jobin Yvon, USA:
He/Ne Laser: 632.8 nm) and X-ray photoelectron spec-
troscopy (XPS) (Escalab 250, Thermo VG Scientific, West
Sussex, UK) equipped with Mg Ko at 1253.6 eV at the
anode. A survey scan for O, 8i,,, N, and S, were taken.
The relative amount of the magnetic nanoparticles asso-
ciated with the PVA shell was determined using thermo-
gravimetric analysis (TGA) (Perkin Elmer). Samples were
dried in a vacuum oven for 48 hours and analyzed in the
platinum plate at a heating rate of 10 °C/min under nitro-
gen atmosphere.

2.3. Blood Coagulation Time*2

Platelet-poor plasma (PPP) was provided from the Blood
Center in Taiwan. 0.1 g of modified-PMNPs was added
to 1.5 ml of PPP and was incubated at 37 °C for 60,
180, 360, and 540 min. The coagulation times, including
activated partial thrombin time (APTT), prothrombin time
(PT), thrombin time (TT), and fibrinogen time (FT) were
determined using an automated blood coagulation analyzer
(CA-50, Sysmex Corp., Kobe, Japan). The negative con-
trol was measured against the glass tube without the test
sample. The blood coagulation cascade included intrinsic
pathway, extrinsic pathway, and common pathway. Among

J. Biomed. Nanotechnol. 3, 1-7, 2007
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Flg. 1. TEM photos and a diagram process of surface-modified PMNFs by ATMS, HMDIL and HEF.

those coagulation times, the APTT relates mainly to the
intrinsic and commeon pathway, PT relates mainly to the
extrinsic and common pathway, and FT and TT are used
as a measure for the time of the fibrinogen transferring to
fibrin.

3. RESULTS AND DISCUSSION

3.1. Morphology

Figure 1 shows the TEM photo of the core—shell structure
of PMNPs. According to the TEM observation, the aver-
age thickness of PVA layers was found to be ~2 nm, and
the magnet diameter was about 5-10 nm. Furthermore, six
diffraction peaks at 26 = 30.1°, 35.6°, 43.3°, 53.5°, 57.2°,
62.9° in the XRD pattern (see Fig. 2) are the character-
istic peaks of standard Fe;0, crystal [according to Fe,0,
(JCPDS 85-1436)].2® Hence, the resulting magnet MNPs
can be confirmed as Fe;O; MNPs. In addition, the XRD
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Fig. 2. XRD patterns of Fe,0, MNPs, PVA and PMNPs.
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spectrum of pure PVA showed a breoad peak in the range
of 15-27°* (maximum: 17.9°), indicating that PVA displays
the semi-crystallization. The core—shell MNPs also exhib-
ited a diffraction pattern peaked at 18.0° and the six char-
acteristic peaks of Fe;0, crystal, thus indicating that PVA
indeed existed in the Fe,O, MNPs.

The diameter of magnet can be calculated according to
Debye-Scherrer equation. (2):

0.9
~ Beosh

(1

where D is the average crystallite size (A), A is the wave-
length of X-rays (CuKe:=1.5418 A), 6 is the Bragg
diffraction angle, and 3 is the full width at half maximum
(FWHM). By using Eq. (1) and FWHM of the diftrac-
tion peak at 26 = 35.6°, the crystallite size of PMNPs
was estimated about 10.6 nm (FWHM: 0.78°), which was
smaller than the size of the magnet (14.1 nm, FWHM:
0.59°) synthesized in the absence of PVA, shown as the
insert in Figure 2. The spectrum of PMNPs in Figure 3
exhibited five peaks by curve-fitting which correspond to
that of PVA and Fe;04 MNPs phase. Three peaks (489.7,
601.8, 707.9 cm‘l) can be identified from the Raman spec-
tra of the PVA phase. In addition, other two peaks (664.2
and 704.5 cm~!) are characteristics of bare Fe;O, MNPs,
belonging to the vibration frequencies of Fe;O,. From
these results, it can be confirmed that PVA truly existed
around Fe; O, nanoparticles.

This result suggests that the presence of PVA can reduce
the particle size of Fe;0, because PVA can not only pro-
mote the nucleation but also inhibit the growth of the
Fe,0, particles.” The contents of PVA-layer also can be
examined by TGA. As shown in Figure 4, the difference
of weight loss (%) between Fe,0, MNPs and PVA-shell
MNPs could reach 6.6 wtS% measured by TGA. The dif-
ference suggests that about 7 wt% PVA encapsulated the
core of iron oxide (ca. 93 wt%). These weight fractions
can be converted to the velume fractions, indicating that
24 vol% PVA shell encapsulated 76 vol% iron oxide (the
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Fig. 3. Raman spectra of Fe,0, MNPs, PVA and PMNPs.

densities of PVA and iron oxide were 1.27 and 5.2 glem?,
respectively). Figure 5 shows that bare Fe;0, MNPs
display a magnetization (Ms) (60.9 emu/g), which is
higher than those of PMNPs (52.4 emu/g), PMNPs-ATMS
(50.2 emu/g) and PMNPs-ATMS-HEP (45.8 emu/g). mea-
sured using the vibrating sample magnetometer (VSM,
Toei VSM-3). An incorporation of PVA, ATMS and HEP
may cause damages in some domains of Fe;O,, resulting
in a lower Ms. From these results, it can be confirmed
that PVA and HEP were indeed conjugated around Fe;0O,
nanoparticles.

3.2. Surface Characterization

Figure 6 compares the XPS spectra of PMNPs, PMNPs-
ATMS. and PMNPs-ATMS-HEP. The XPS analysis shows
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Fig. 4. TGA curves of PVA and modified-PMNPs.
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that the surface was mainly composed of O, Si, N, and
S atoms. Figure 6(a) shows the O,; spectra of PMNPs,
PMNPs-ATMS and PMNPs-ATMS-HEP. The peaks at
530.1 and 531.1 eV represented the metal oxide and the
—OH group of PVA. respectively. After conjugating ATMS,
an additional peak was found at 532.0 eV, attributing to the
silane [unctional group. Moreover, two extra peaks were
observed in the spectra of PMNPs-HEP, representing the
-NCO group (531.3 eV) of HMDI and the -COOH group
(532.5 eV) of heparin in the core—shell MNPs.

Figure 6(b) shows the XPS data of Siy, in PMNPs,
PMNPs-ATMS., and PMNPs-ATMS-HEP. The Si peak at
101.6 ¢V was found in the spectra of PMNPs-ATMS and
PMNPs-ATMS-HEP. implying that ATMS was immobi-
lized onto PMNPs. Moreover, the NH, peak (399.4 eV)
was observed in the N, scan spectrum of PMNPs-ATMS,
also indicating that ATMS was immobilized onto PMNPs,
as shown in Figure 6(c). However, the NH, peak was
shifted from 3994 eV to 3999 eV when heparin-OH
was conjugated with ATMS-NH, by the NCO group of
HMDI, implying the formation of urea bond (-NHCONH)
and urethane (-OCONH), respectively. Furthermore, on
comparing the spectra of PMNPs, PMNPs-ATMS and
PMNPs-ATMS-HEP, it was found that only the spectrum
of PMNPs-ATMS-HEP exhibited the §,, peak of HEP
(binding energy 168.6 eV), as shown in Figure 6(d). These
results indicate that ATMS, HMDI and HEP are indeed
conjugated onto PMNPs.

3.3. Grafting Density Assay

As listed in Table 1. the grafting density of the amino group
on PMNPs-ATMS attained 67.5 nmol/cm? by C.I. Acid
Orange 7 dye assay, which is higher than that of MNPs-
ATMS (25.1 nmol/ecm?). This can be attributed (o the fact
that PMNPs have more “OH groups from PVA to connect
with ATMS than that in the MNPs which only have metal
oxide. Higher grafting density of ATMS would lead to

J. Biomed. Nanotechnol. 3, 1-7, 2007
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higher grafted density of HEP. Therefore, the grafting den-
sity of HEP for PMNPs-ATMS-HEP was about 1.5 times
of that for MNPs-ATMS-HEP. Moreover, the PMNPs with

Table I.  Surface grafted density and anticoagulant activity of modified
nanomagnetic particles during 60 min-incubation (mean -+ std).

Anticoagulant activity

Membrane type Surface density (APTT)
Fe,0, MNPs (MNPs) — 389418
MNPs-ATMS 25.12+£1.6° 387x1.7
MNPs-ATMS-HEP 2.11+0.18% 358+14
PVA-shell MNPs (PMNPs) — 406+1.7
PMNPs-ATMS 67.5+2.3° 382415
PMNPs-ATMS-HEP 3.154037" No coagulation
PMNPs-HEP (without ATMS) 1.674+0.24 268412

% Amino group (nmol/g), determined with dye staining of C.1. Acid Orange 7(n =6).
PHeparin (pg/g), determined with dye staining of toluidine blue O (n =6).
“Incubation time of modified MNPs is 60 min.

J. Biomed. Nanotechnol. 3, 1-7, 2007

long spacer (PMNPs-ATMS-HEP) exhibited higher graft-
ing density than that PMNPs-HEP (with short spacer). The
difference in the HEP-grafting density also would reflect
on the anticoagulant activity and hemocompatibility.

3.4. Blood Coagulation

Figure 7(a) and Table I shows the effect of HEP immo-
bilization on the APTT, PT, FT and TT of MNPs,
PMNPs., PMNPs-ATMS, and PMNPs-ATMS-HEP. Immo-
bilized heparin can activate AT III, and hence in turn
prevent the formation of thrombus.® Up o now, most
rescarchers have focused on the immobilization of heparin
on the substrate in the applications of dialysis or coronary
stents.>*2¢ To our best knowledge, fewer researchers inves-
tigated the effect of magnetic nanoparticle on heparin for
recycling anticoagulants, and the role of different grafted
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Fig. 7. (a) Blood clotting times of modified-Fe,0, MNPs and PMNPs
include APTT, PT, FT and TT during 60-min incubation (n = 5); (b)
comparison of APTT between PMNPs-HEP (shorter spacer) and PMNPs-
ATMS-HEP (longer spacer) during 60-540 min (n = 5). The star means
“no coagulation™ of the samples.

spacer (with and without ATMS) in the hemocompatibil-
ity. The results showed that the APTT, PT, FT, and TT of
PMNPs-ATMS-HEP (long spacer) display non-coagulation
that is superior to the PMNPs-HEP (short spacer). The rea-
son is that PMNPs-ATMS-HEP exhibited higher surface
density of HEP (3.15 pug/g) than PMNPs-HEP (1.67 ug/g).
as shown in Table I. The clotting times of pure Fe,O,.
MNPs, PMNPs, and PMNPs-ATMS were close to these
of human plasma (the negative control), indicating that
they had no anticoagulation activity. Moreover, the clot-
ting time of MNPs-ATMS-HEP (338 s) is shorter than
that of PMNPs-ATMS-HEP (no coagulation), as shown
in Table I. It demonstrated that longer spacer and higher
HEP-density would prolong the clotling time to attain bet-
ter anticoagulation.

Figure 7(b) shows the time dependence of the activ-
ity of immobilized heparin that was evaluated by APTT
after 60-540 min of incubation. From the results, no
coagulation was observed for PMNPs-ATMS-HEP before
180 min, but the clotting time was reduced to 412 and
341 s after incubating for 360 and 540 min, respectively.

358

184

Liu et al.

This suggested that the activity of immobilized HEP
can maintain at least 9 h. Comparing with PMNPs-HEP,
PMNPs-ATMS-HEP exhibited longer anticoagulation time
and higher activity due to its higher surface density of HEP
and lower steric hindrance attributing to longer spacer, as
shown in Table I. The use of ATMS can increase the back-
bone length of heparin to promote the activity of heparin.
Therefore, the magnetic nanoparticles conjugated heparin
not only can display the anticoagulation but also separate
from blood by magnetic field when the blood is going to be
injected in to body. Especially, the longer spacer (PMNPs-
ATMS-HEP) exhibited the better ability of anticoagula-
tion and it will be further investigated in vivo test in the
[uture.

4. CONCLUSION

Core (Fe;0,)-shell (PVA) MNPs were successfully pre-
pared and further conjugated with HEP to provide anti-
coagulation. The core—shell structure was confirmed by
TEM. XRD, Raman spectra, XPS, and dye assay. More-
over, the PVA shell of the PMNPs can not only improve
the dispersion of the MNPs in the resulting suspension, but
also provide more “OH groups for conjugating HEP. The
results demonstrated that PMNPs-ATMS-HEP exhibited
better hemocompatibility than MNPs-ATMS-HEP. More-
over, longer spacer (ATMS) resulted in more HEP and
gave rise to higher anticoagulant activity than shorter
spacer (without ATMS). Owing to the magnetic Fe;O,
core and the immobilization of HEP, PMNPs could be used
as recyclable anticoagulants by magnetic fields to prevent
heparin from getting into body to cause certain allergic
reaction.
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