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Abstract

In this project, the main objective is to develop a portable and integrated device
that is suitable for the macro length scales relevant to human applications under
externally applied magnetic fields. A novel release mechanism for the drug
delivery system was investigated and optimized, which was aiming to realize
remote and accurate control of the location, time, duration and amount of
released drug. This study was separated into four tasks:

(1) Preparation and optimization of magnetic sponges:

Iron oxide nanoparticles, including magnetite (FesO4) and carbonyl iron, were
embedded as magnetosensitive materials in polydimethylsiloxane (PDMS) resins
for the fabrication of macroporous sponges via a sugar-template process. These
magnetic sponges prepared with various sugar mold, magnetic particles content,
weight ratios of PDMS prepolymer and curing agents display different porosity
and magnetic field sensitivity.

(2) Development of anticancer drug solution:

A drop-on-powder 3D printer was applied to produce tablets with varying
diameters. Pure 5-fluorouracil (FLU) solution of 2.5% (w/v) concentration and
polymeric solutions containing either Soluplus alone or in combination with
polyethylene glycol at drug: polymer(s) 1:1 (w/w) ratio was used to develop the
coating solution on 3D printed tablets. According to the in vitro dissolution profiles,
pure FLU solution was selected.

(3) Design and characterization of a novel 3D printed drug delivery system:

A novel magnetically triggerable drug delivery device composed of the optimized
magnetic PDMS sponge cylinder and a 3D printed polylactic acid (PLA) reservoir
was designed, fabricated and characterized. The switching “on” state of drug-
releasing could be realized by the magnetic bar contacted with the side part of
the device as the times needed to release 50%, 80% and 90% of 5-fluorouracil
were observed to be 20, 55 and 140 min, respectively. In contrast, the switching

“off” state of drug-releasing could be realized by the magnetic bar placed at the



bottom of the device where only 10% of 5-fluorouracil could be released within
12 h.

(4) Development of anti-inflammatory drug loaded filaments for fused deposition
modelling (FDM) 3D printed reservoir:

Various release modifying excipients were used as a release modulating tool to
control the drug release from 3D printed sustained release tablets. All ibuprofen
(the model drug) loaded 3D printed tablets with ethyl cellulose (the polymeric
matrix) matrix, especially with polyethylene glycol (PEG) as the release modifier,

showed great potential in releasing ibuprofen in a zero-order reaction.
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1.Chapter 1: Introduction

1.1 An Overview of Remotely Triggerable Drug Delivery Systems

The major challenge of disease therapy is delivering therapeutic agents to the
target location.” Traditional drug delivery approaches are limited by poor
effectiveness, biodistribution and targeting ability.” With the development of drug
discovery, much attention has been paid to the methods by which these active
substances were administered.? Although conventional sustained release
systems can improve patient compliance by reducing the frequency of drug
administration, the maximum release duration is only 1 day and high fluctuation
in drug concentration is inevitable from patient to patient.® Considering these
limitations, drug delivery systems (DDSs) which can achieve repeatable, long-
term, remote and precise drug release are of great importance in various medical
applications for maintaining an ideal therapeutic plasma level between the
minimum effective concentration and the maximum safe concentration (Figure
1.1).%5 Commercially available controlled release DDSs are superior to traditional
drug dosage forms. For example, they can (1) provide more precise control over
the location, timing and dosage of drug administration in vivo with fewer side
effects, (2) maintain the drug concentration within the therapeutic window for a
predetermined duration, (3) deliver drugs to a particular site, (4) minimize the
frequency of administration, (5) protect medications from rapid clearance or
degradation, (6) improve patient comfort and compliance.®® However, the drug
release rates in most controlled release DDSs have been predetermined by
mechanisms such as degradation of polymers, diffusion, osmotic pressure, and
microchannel design, so their release rates cannot be modified after
administration of the devices.® Therefore, triggerable on-demand DDSs become
necessary when the need and physiological circumstances of patients are
variable, such as cancer chemotherapy, administration of insulin for diabetes

patients, antiarrhythmics for heart rhythm disorders therapy and so on.”
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Figure 1.1. Blood plasma concentration-time curves following the oral
administration of a single dose of a drug in a conventional tablet, the
administration of a single dose of a sustained release system and the injection

administration every 6 hours for 24 hours.

Triggerable DDSs can be classified as internally (self-regulated or closed-loop
systems, which respond to a feedback mechanism happening inside the body:
like pH, blood glucose level, and urea concentration) and externally (pulsed
regulated or open-loop systems, which rely on externally applied stimuli, such as
temperature, magnetic fields, ultrasound and light) controlled systems.>® As a
result, the development of externally applied stimuli triggerable drug delivery
systems controlled either by an interaction between a sensor and environmental
changes or by an operator (like using a remote device to control the implanted or
injected drug delivery system) have attracted increasing interest, under the
condition when the circadian dependence and patients’ tolerance to the drug on
a continuous level must be taken into consideration.® Patients, physicians or
algorithms can decide to release the drug payload in response to the change of
physiological factors and/or specific conditions or substances in vivo. Such drug
delivery systems which contain a large enough amount of drug could be applied

to determine the timing, duration, dosage, location and even achieve a remote,



noninvasive, repeatable and reliable switching of therapeutic compound flux.”8

Atypical triggerable DDS is mainly composed of a pump, a valve, a reservoir, and
an actuation mechanism for adjusting the drug release rate.® The initial mode of
the valve in triggerable DDSs (normally opened or normally closed) is vitally
important for determining energy consumption.® Triggerable DDSs are required
to show high drug loading capacity, the near-zero drug release volume in the
switching off state, repeatable and switchable to the switch-on state, the
adjustable dosage according to patients’ conditions.* However, these DDSs
exhibit many problems in translating from laboratory to clinic, such as low
triggerability in vivo, low reproducibility after multiple cycles, weak sensitivity to
stimuli and difficulties in modulating drug dosage for patients in real-time.*° For
fabricating external stimuli triggerable DDSs, the development of intelligent
materials which are environmentally sensitive and capable of loading therapeutic
agents, is of great importance.'®"" These materials are required to exhibit a
physical or chemical response to external stimuli, transform external signals into
sensed information, and evaluate sensed information.’® Polymeric assembly of
intelligent materials shows advantages in drug loading and targeting drug
delivery.'® The fundamental principle of these external stimuli triggerable
polymer-based DDSs is the fact that the stimulus can adjust structural

composition or conformation for the DDSs."?

There is a wide range of sizes and shapes for DDSs. The nanoscale devices have
advantages in systematic distribution (especially intravenous distribution) and
enhanced permeation and retention (EPR), whereas macroscopic devices can
load with a larger amount of drug and are easier to remain where they were
placed. Consequently, repeatable triggering of macroscale DDSs can realize the
delivery of multiple doses through a single administration or implantation.’
Although the fundamental physics related to the devices of both microscale and

macroscale are the same, the relative importance of physical effects is different.



Thus, researches should analyze and simulate every special device design rather
than relying on their intuition from previous studies.’® Brudno and Mooney pointed
out that macroscale DDSs are commonly taking the form of a polymer or device

implanted at a particular site.'

Similarly, triggerable DDSs can also be categorized by the frequency of the
devices that can be triggered. The devices which are intended to be triggered
only once are generally nanoparticulate. The nanocomposites can be injected at
a particular location (like a depot system) or systematically (can be triggered at
the desired locale to realize precise localization). Repeatable triggering devices
tend to be larger in size and have more technical challenges. The major challenge
is achieving highly reproducible drug dosing as the devices can be destroyed
easily or deformed irreversibly by the triggering method. In addition, massive drug
release may happen in larger devices because of the failure or breakage of
devices. Meanwhile, a surgical procedure for implantation is inevitable for larger
size devices and it may cause inflammation. In order to manage post-operative
pain, non-steroidal anti-inflammatory drugs (NSAIDs) are commonly applied in
implants.’ Furthermore, it is vitally important to consider their biodegradability,
biocompatibility, drug-related toxicity and whether they can be reloaded without

reimplantation.’

Some physical stimuli can penetrate through human tissue, so these physical
stimuli triggerable DDSs can release drugs even the devices are placed deeply
within patients.’* The specific design of these devices can be triggered by
externally applied physical stimulations, such as magnetic fields, ultrasound,
temperature, electricity and light. However, it is noteworthy that these stimulations
show some limitations in their translation to the clinic, such as the relatively weak
penetration ability of ultraviolet and infrared light in living tissues, and the

infeasible application of electric fields in deep tissues of the body.?



1.2 Magnetic Field Triggerable Drug Delivery Systems

Although several external stimuli have been applied in triggerable DDSs,
magnetic actuation is regarded as an attractive option, mainly because of the low
toxicity of iron oxide particles, instantaneous and reversible response, remote
actuation, strong penetration ability through human tissues, high controllability,
the ability to produce significant force and displacements.*'° Therefore, magnetic
actuation is especially attractive for biomedical applications where a noncontact
feature is particularly necessary for in vivo environment with absolute safety.'®-"8
The aims of magnetic field triggerable DDSs are the transportation of therapeutic
agents with the blood flow and the release of the desired dosage within a targeted
region under applied magnetic fields.'®2° In the development of triggerable DDSs,
magnetic actuation is unique because on-chip power sources are not required.’®
Additionally, many researches on magnetic devices in recent 50 years confirmed
that this kind of DDSs could be remotely triggered deep inside biological tissues
in various minimally invasive procedures, like tetherless robotic interventions and
wireless capsule endoscopy.?'?? For patients who require injection administered
frequently, these magnetic field triggerable DDSs can provide a promising
alternative to provide multiple cycles of small drug molecules and
biomacromolecules in long term.® In recent years, magnetic fields are of great
importance in optimizing the structure and improving the performance of

materials.?®

Fundamental researches on the design of magnetic DDSs, mechanism studies
and preclinical research are key points to achieve wide clinical applications of
magnetic DDSs.?* Consequently, many factors should be considered when
designing efficient magnetic DDSs, including safety, magnetic properties,
magnetic particle size, magnetic field strength, drug loading capability,
pharmacokinetic properties, the accessibility and depth of the target tissues and

the blood flow rate.’2°26



1.2.1 Magnet Systems

The design of the external magnets and the manipulation of magnetic
nanoparticles (MNPs) are considered as the two major components in the
development of magnetic field triggerable DDSs.?” One of the main challenges
for developing magnetic field triggerable DDSs is designing a suitable magnet
system in order to generate a sufficient magnetic force for MNPs.?® The simplest
magnet for magnetic drug targeting is a single permanent magnet due to its ability
to maintain a magnetic field without a power supply.?#?¢ A large number of studies
have focused on applying simple permanent magnets due to the advantages of
inexpensiveness, versatility and do not require additional cooling or complex
control algorithms.82529.30 |mportantly, the single permanent magnet is required
to be user friendly (small and light), to produce the desired magnetic field and the
magnetic field gradient.?® The main limitation of using external magnets is that
the generated magnetic field strength and gradient usually drop exponentially

with the distance from the skin surface.3'32

As external electromagnets and permanent magnets were commonly applied, the
clinical studies of triggerable DDSs were limited to a poor penetration depth of 5
mm.2%25> Nowadays, it has been demonstrated that the effective targeting depth
can be improved significantly by using different magnet designs, for example, the
pyramid magnet can be designed for producing a strong magnetically active
space.?® The design of a suitable magnet configuration can provide DDSs with
sufficient magnet power and avoid the undesired accumulation of MNPs.?¢
Recently, a two-magnet configuration has been proved to be able to enhance the
accumulation and penetration of MNPs in a more advanced manner.? In addition,
it has been demonstrated that the manipulation of oppositely polarized external
magnets can realize the penetration and accumulation of magnetic nanocarriers
into deeper tumors.3® Various magnetic fields could be generated, like gradient

magnetic field, uniform magnetic field and oscillation magnetic field.3*



1.2.2 Magnetic Nanoparticles (MNPs)

Nanoparticles with three dimensions in the nanoscale (usually from 1 nm to 100
nm), show a similar size range with antibodies, receptors, proteins, nucleic acids
and other biological molecules.”3°> Nanoparticles are suitable for localized
treatment, especially for transportation in vivo because these particles can pass
through narrow blood vessels and penetrate through cell membranes without
causing pain or emboli in surrounding tissues.'"-?8:32.36.37 Nanoparticles showed a
slower elimination rate from the bloodstream by the reticuloendothelial system
when compared with larger micron-sized carriers.?> Additionally, particles with
smaller size possess passive targeting ability, longer plasma half-life and a higher
tendency to accumulate in tumor tissues because of its enhanced
vascularization.®°3¢ Furthermore, nanoparticles could be conjugated with ligands
to achieve active targeting.2° Consequently, nanoparticles show great potential in
targeting specific locations in the body, decreasing the dose of drugs for achieving
effective concentration, minimizing side effects for nontarget locations.?” These
nanoparticles are required to possess suitable features such as nature, size,
conjugation method for drugs, surface chemistry and functionalization,

biodegradability, hydrophilic property and stimuli-responsive properties.3’

Due to nanoparticle vectors show enhanced permeability and retention (EPR)
effects and drug loading capacity for tumors, nanoparticle-based DDSs have
been regarded as a promising candidate for overcoming the limitations of
chemotherapeutic drugs in clinical cancer treatment.®?%° However, the application
of conventional nanoparticle-based DDSs is mainly limited by the passive release
because of the difficulty in releasing a sufficient amount of drug in the target site.*°
Therefore, the next generation of nanoparticle-based DDSs are focusing on the
development of stimuli-responsive properties, especially using magnetic
actuation.®® These smart controlled DDSs play an important role in cancer

therapy.*'



Magnetic nanoparticles (MNPs) have been widely applied in various fields
(including bioseparation, cell labelling, hyperthermia, magnetic microdevices,
magnetic resonance imaging (MRI) and drug delivery) because of their various
physical and chemical properties, such as large surface area, chemical stability,
low intraparticle diffusion rate and high loading capacity.’#243 In recent years,
MNPs have been applied as drug delivery carriers to facilitate several modes of
targeted drug delivery technique (navigation through biological systems and
efficient drug delivery) due to their magnetism, good compatibility, ease of
fabrication and modification, potential to reduce the risk of systemic distribution
of drugs for eliminating side effects (Figure 1.2A).#144~4¢ The response of MNPs
could be achieved by the magnetic equilibrium between the magnetic force
aligned along the magnetic field and the viscous force which is related to the fluid
flow.*”#8 Similar to nanoparticles, smaller MNPs may result in enhanced
penetration into tumors and a longer half-life, whereas the applied magnetic force
may decrease accordingly.?>?% As a result, it is necessary to find a balance
between the magnetic force and the physiological stability in determining the
suitable size of MNPs.?® Additionally, the introduction of a magnet in vivo, can act
as a guidance stimulus and a localizer for injected MNPs.*° Furthermore, MNPs
show great potential in the diagnosis and therapy of brain tumors.*® The
chemotherapy drug delivery efficiency of MNPs could be enhanced by direct
binding with the agent or by functioning as nanocomposites.?’ For simulation
experiments, sample containers and a permanent magnet could be used for

evaluating DDSs (Figure 1.2B).%*
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Figure 1.2. Schematic illustration of a magnetic targeting using a single
permanent magnet. A. Attach the magnet to the skin near the target site, a
magnetic nanoparticle-based drug delivery system can release drugs in response
to magnetic fields. (F,q4: magnetic force vector). B. Place the magnet under the

sample container, so the DDS can be attracted to the site close to the magnet.

The low colloidal stability of MNPs in biological fluids makes them tend to be
cleared easily from the bloodstream.’® Although MNPs showed many
shortcomings in clinical applications, like the relatively short half-life, chemical
instability, high tendency to agglomerate, low drug loading, and weak targeting
specificity, many strategies could be used, including encapsulation, the
introduction of navigation systems, surface modification with surfactants,
polymeric materials, and thiol functional groups.®’*? In order to improve the
stability and biocompatibility, the addition of polymers as the stabilizer can
achieve a highly stable dispersion of MNPs for biomedical applications.?”-°° The
drug/MNP complex (MNPs attached to the drug molecules) could be injected
intravenously or intraarterially to the target location. In physiological conditions,
drugs will be released from the magnetic carriers.** Furthermore, their
biocompatibility and long-term stability make this kind of material suitable for
biomedical applications.*® For example, PEGylation can protect MNPs from
clearance from the circulation and facilitate their accumulation at the target site
because of the stability, biocompatibility and hydrophilicity of poly-ethylene glycol
(PEG).>® To design an MNP-based targeting drug delivery system, more
emphasis should be placed on physical parameters (including magnetic field
strength, field geometry, magnetic properties, particle size of carriers and drug
loading capacity) and physiological parameters (blood volume, blood flow rate,
cardiac output, distance from the skin surface to the target and body

weight). 74454

The drug/MNP complex can be attracted to an external magnetic field by a

magnetic force (F,,,) because of the presence of a magnetic field gradient.?*>°



10

According to the Eq. 1, the magnetic force was determined by the magnetic field
strength in Tesla (B), the field gradient (VB), the volume the MNPs (V), the
magnetic permeability of free space (u,), the magnetic susceptibility of the

magnetic particle (x,), and the magnetic susceptibility of the medium (x,).

Fnag = (tp = x,)V 7 B(VB) (Eq. 1)

Obviously, only gradient magnetic fields can generate a magnetic force, whereas
homogenous magnetic fields will exert no force on MNPs. Furthermore, MNPs
with larger size and stronger magnetic properties, higher magnetic field strength
and gradient will lead to a stronger F,,,.°> Consequently, larger particles can
move faster, and a higher concentration of particles also move faster due to the
longer chains or needle-like aggregates formed.?” As there are more significant
physiological parameters in designing a practical DDS, such as many natural
barriers (the blood-brain barrier and the blood-thymus barrier), a combination of
forces (magnetic dipole interaction, buoyance, viscous resistance, and
gravitational force), the complicated branching networks of blood vessels, and
blood cells in the blood stream, further development of these theoretical models
is vitally important for translating the magnetic targeting technique from the

laboratory to the clinic.?#2855

There are some basic classifications of magnetism for comparing magnetic
behaviors:  ferromagnetism,  ferrimagnetism, antiferromagnetism  and
paramagnetism (Figure 1.3).° The ferric oxide nanoparticle form of magnetite
(Fe3Oa4) and y-Fe203 maghemite (y-Fe203) have been used most widely because
of their simple synthesis, stability in physiological conditions and flexibility in
chemical modification (Table 1.1).”°* However, magnetite and maghemite will
lose their permanent magnetization when the particle size is below 20 nm.*® The
bulk saturation magnetization of y-Fe20s3 is significantly lower than that of

Fe304.%% Without being coated with biocompatible materials, these ferric oxide
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nanoparticles could not be applied in vivo.>” Various non-toxic, protective and
non-permeable materials, including gold, polymers, silane and dendrimer could
be used as the encapsulating shell in order to improve the biocompatibility and
circulation time, diminish the toxicity and prevent oxidation of MNPs. 32455457
Additionally, different kinds of moieties could be used to decorate these MNPs
with specific purposes (e.g. improved stability, prolonged retention time, etc.), so
these functionalized MNPs could be applied clinically.” Therefore, MNPs are
promising candidates for functional biomaterials because of their variety of
practical properties. As MNPs can absorb biomolecules and form a bio-corona
when exposed to in vivo conditions, coating of MNPs can affect the surface
charge, corona formation and adhesion of particles to cells, resulting in
differences in the ability to target and drug delivery.?° It is noteworthy that the size,
shape, composition, surface modification of these MNPs all have a critical effect
on their toxicity.” As a result, the effects of these parameters of MNPs on their
magnetic properties should be evaluated carefully for the fabrication process and

biomedical applications.*>

Table 1.1. Common iron oxides and their magnetism

MNPs Formula Magnetism
magnetite FesO4 ferro(ferri)magnetism
maghemite y-Fe203 ferrimagnetism
hematite a-Fe203 antiferromagnetism
carbonyl iron Fe(CO)s ferromagnetism
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Figure 1.3. Basic classifications of magnetism showing orientations of magnetic
moments.

Magnetic fluid hyperthermia (MFH) treatment is one of the important applications
of MNPs and attracting more and more attention, but the higher temperature can
lead to serious side effects, such as necrosis and coagulation.” 3¢ Under
exposure to an alternating current magnetic field (AMF), MNPs can generate heat
because of the magnetic loss when the temperature is lower than their Curie
temperature which is determined by the metal composition and size of the
MNPs.""%8 Direct injection of MNPs into targeted tissues or organs can be applied
as a complementary cancer therapy strategy to heat the specific region because
the temperatures of 42-45°C can cause irreversible damage to cancerous cells
and normal cells that are more tolerant to the heat.*®3® The excellent targeting
ability, produced high temperature and irreversible cell damage make magnetic-
field-induced heating superior to other heating methods.® The concentration,
distribution and size have a significant effect on the heating efficiency of MNPs.3¢
To clarify, a higher concentration of MNPs can produce the desired treatment

temperature with weaker magnetic field strength.° When the temperature is
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higher than the Curie temperature, the heating process will be suspended
because the value of saturation magnetization decline to zero." The null overall
magnetic moment is a result of the random fluctuation in the magnetization

directions.®’

Typically, MNPs can be classified into metals (including iron, manganese,
rhenium, etc.), oxides (such as superparamagnetic oxides), alloys (such as FePt,
PtCo and FeAu), ferrites (like CoFe204 and CuFe204) and multifunctional MNPs
with different structures (like core/shell, hollow, dumbbell and hybrid).32:35:59.60 |ron
(Fe) is an essential element for the body, although an excess amount of Fe can
cause toxicity in vivo (60 mg/kg).°” Alloys exhibit higher saturation magnetization
than pure metals.®” The iron oxide nanoparticles are the only type of MNPs
approved by the US Food and Drug Administration (FDA) for clinical
applications.”%? They are the most used type for biomedicine because of the
natural occurrence and the simple preparing process in nanometer ranges with a

narrow distribution.®’

The superior magnetic behavior, size- and material-dependent physicochemical
properties and stability of superparamagnetic iron oxide nanoparticles (SPIONs)
make this material widely applied as DDS derives.'?3653 The particle size of
SPIONs is small enough (usually 10-20 nm) to exhibit a single large magnetic
domain when the temperature is higher than the blocking temperature (Figure
1.3).7.3536 On the contrary, magnetic particles with a size larger than
superparamagnetic radius normally exhibit a multidomain structure and these
multidomain states were separated by domain walls because larger particles
need less energy to form domain walls.*>%? Once the particle size were below a
critical size, these SPIONs possess the weaker magnetic moment, and show less
reaction with magnetic fields.>* With the particle size reduces, the coercivity (Hc)
increases to the maximum and then drops to zero.*®> The magnetization curve of

SPIONs exhibited an invertible S shape without hysteresis (Figure 1.4).5* There
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is no overall magnetic susceptibility because its fixed magnetic moment of
individual particles is randomly oriented when there is no magnetic field.”*°> High
saturation magnetization (Msat), no remnant magnetization (Mr) and zero Hc are
key features of SPIONs in biomedical applications.*®°° As a result, the prevention
of particle agglomeration in the absence of magnetic fields can promote the
injection of SPIONs dispersion into biological systems.®”° Furthermore, the
effect of magnetic field strength on the magnetic force to SPIONs was reduced
as a low magnetic field was required for SPIONs to reach Msat.?® Under the
increase of static magnetic field strengths, magnetic moments will be aligned and
the magnetic susceptibility will increase until a saturation point.” Once the
magnetic field is removed, all magnetic moments will become direction
randomization again (zero coercivity) due to the thermal fluctuation.” According
to the FDA, magnetic fields up to 8 T are regarded as safe for adults.?®* When
SPIONs were applied in combination with permanent neodymium-iron-boron
(NdFeB) magnets, an effective magnetic field depth can reach 10-15 cm in the

body.3’

saturation magnetization (Msat)
Mo, \

remanence magnetization (Mr) —

T magnetization
coercivity (Hc)
>

> H
applied magnetic field

———  ferromagnetism ———  paramagnetism

superparamagnetism ——— diamagnetism

Figure 1.4. Schematic illustration of the magnetic hysteresis loop in the
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magnetization versus field dependence.

There are many fabricating methods for SPIONs, including wet-chemical
methods, co-precipitation methods, thermal decomposition methods and gas-
phase methods.??3¢ Additionally, the surface polarities of SPIONs make them
easier to be surface modified.'® Furthermore, their promising biodegradability and
the ability of binding to other substances broaden their application in biomedical
areas.'® Due to the high tendency for the particles to aggregate, the development
of various nanostructures with the combination of SPIONs and polymers became
a commonly used strategy.®® It is vitally important to integrate SPIONs with
polymers for creating novel structural characteristics and functions.®® By coating
SPIONs with polymers, the self-stability and anchoring capability could be

enhanced without the addition of surfactants.®

However, the main concern of SPIONs for practical applications is the weak
magnetization of individual nanoparticles, which is not efficient for target delivery
in the body.?® In order to increase the overall magnetic response in the
physiological environment, many approaches have been proved to be feasible.
Furthermore, as drug loading capability is the main limitation for translating MNPs
from laboratory to clinical trial, developing a magnetic field triggerable DDSs with
both high drug loading capability and good biocompatibility is of great
importance.3® The methods of drug loading and delivery are the main problem for
MNP-based smart DDSs. Consequently, more attention should be focused on the

drug loading method, surface chemistry, particle size, shape and material.

1.2.3 Magnetic Polymeric Nanocomposites

In recent years, nanoscale DDSs are critical strategies in chemotherapy as their
physicochemical properties could be adjusted by controlling the shape, size and
chemical composition.61.67 Magnetically sensitive polymer-based

nanocomposites show superior physicochemical and biological properties for the
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development of biomedical devices.®® Due to the larger surface areas and
stronger reactivity of particles with a smaller size, the hydrodynamic diameter of
particles in the range from 10 to 100 nm is regarded to show optimal
pharmacokinetic properties.” There are many strategies for MNPs in the
development of nanoscale DDSs: first, adjusting the size and shape of MNPs, as
well as the type of matrix or medium; second, the encapsulation of MNPs with an
external polymer coating; third, the porous nanocomposite mixture which is
composed of MNPs and polymers; fourth, the grafting of drug molecules on the
MNPs surface in the polymer matrix.*® The approaches of conjugating therapeutic
agents to the nanocarriers include absorption, covalent attachment, and
encapsulation.” The targeting strategies are mainly divided into active (the
application of specific ligands and physical stimuli) and passive (the result of EPR)

mechanisms.’

1.2.3.1 Magnetic Micelles

A micelle, as one of the most important kinds of drug carriers for encapsulating
hydrophobic drugs, is a supramolecular colloidal particle composed of a
hydrophobic core (head) and a hydrophilic shell (tail).?° The hydrophobic core is
regarded as an optimum carrier compartment for hydrophobic drugs, and the
hydrophilic shell can stabilize encapsulated particles in an aqueous solution.”® It
has been revealed that polymeric micelles showed great potential in increasing
bioactivity, stability, tissue permeability, drug delivery efficiency and solubility of
hydrophobic drugs.”" Micelles are in dynamic equilibrium because they can form
and stay constant when the concentration of surfactant or amphiphile solution is
above the critical micelle concentration (CMC).”?> The CMC could be affected by
the formation (hydrophobicity) and the molecular weight of the hydrophobic
block.”> These drug carriers have attracted much attention owing to
multifunctional characteristics, such as storage and transportation of therapeutic
substances and magnetic nanoparticles, cancer cells surface receptors targeting

ability.”* Various amphiphilic polymers which are responsive to external stimuli



17

(such as pH, temperature, magnetic field, etc.) could be fabricated with chemical

modifications.”" Therefore, these stimuli-responsive polymers could be used to

e
oo -7

prepare micelles for achieving controlled drug release.

MNPs CD-MNPs magnetic micelles
O magnetic nanoparticles (MNPs) ~——~_- hydrophobic block
o cyclodextrin (CD) “~—~~ hydrophilic block

[ ] theraputic agents _~—~— amphiphilic polymer

A targeting ligands

Figure 1.5. Schematic illustration of the preparing process of magnetic micelles
composed of MNPs, therapeutic agents, amphiphilic polymer, cyclodextrin and
targeting ligands.

For magnetic micelles, MNPs can be designed to located at the interface between
the outer hydrophilic shell and the inner hydrophobic core (Figure 1.5). With the
manipulation of magnetic fields, these magnetic micelles can maintain good
chemical stability, biocompatibility, direct actuation, solubility and drug loading
efficiency.”’ Zhang et al. applied guest molecules to graft on the surface of CD-
MNPs (B-cyclodextrin capped onto the surface of Fe3sOs MNPs) via inclusion
complexation between B-cyclodextrin (B-CD) and ferrocene groups (Fc).”®
Various polymers could be attached to MNPs as drug reservoirs for achieving
multi-stimuli-responsive releasing carriers (Table 1.2), such as poly(N-isopropyl
acrylamide) (PNIPAM), B-CD and glycerol monooleate.*'”>’6 Among them, B-CD

molecules are the most common drug carriers and gatekeepers because of their
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amphiphilic hollow structures and superior compatibility.*"”” Furthermore, the
specificity and efficacy of micelles could be improved because of the conjugation
of targeting ligands, which can be connected to specific receptors on the surface
of tumor cells and facilitate receptor-mediated endocytosis in cancer therapy.’®
The multivalent inclusion complexes between B-CD and the active
pharmaceutical ingredients (API) can enhance stability, water-solubility, biological
activity and prevent unwanted drug release.®’’® As the size of SPIONs have a
significant effect on the pharmacokinetics and tissue distribution in vivo and
saturation magnetization, the tunable cluster size through changing the
SPION/PEG ratio is of great importance.®' Through the disassembly of micelles
due to external stimuli, encapsulated drugs could be released. Many factors can
influence the drug release from micelles, including micelle stability, the
biodegradation rate of copolymers, drug diffusion rate, partition coefficient, drug
concentration and localization in micelles.” In addition, the drug loading capacity
could be adjusted through the hydrophobic block length and the volume of
micelles.”* Consequently, these nanocarriers showed great potential in both
targeting cancer therapy and hyperthermia treatment.””’®¢ Many hydrophobic
anticancer drugs (Table 1.2) have been successfully loaded into the core of the

micelles for increasing drug solubility and release rate.”®

Table 1.2. Examples in the literature of magnetic micellar formulations

Stimulus MNPs | Drug Block copolymer Targeting ligand | Ref
magnetic field; | SPIO | paclitaxel PEG; B-CD Arg—Gly-Asp 51
tumor cells (tumor
targeting)

temperature, FesO4 | doxorubicin | PEG/PNIPAM/CD-MNP - &
pH, H20,, PNIPAM (thermoresponsive)
magnetic field B-CD and Fc pair (redox

responsive)
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temperature, FesO4 | doxorubicin | PNIPAM@pB-CD-BI- - &
pH, magnetic Fe30.@mSiO2
field PNIPAM: thermoresponsive;

B-CD: pH-responsive
magnetic field | FesOs | paclitaxel pPTX/CD-SPION - 8
magnetic field; | FesOs | doxorubicin | PEG-P(GA-DIP) folate (tumor 4
acid; tumor poly(L- glutamic acid): acid- | targeting)
cells sensitive
magnetic field; | FesO4 | paclitaxel amphipathic chitosan derivatives; | - 4
pH (PEG)

However, this process is complicated, difficult to scale up, time-consuming and
will lead to changes in the magnetic properties of MNPs.325".71 Besides, it is
difficult to control the size of magnetic micelles.®? More attention should be paid
to the drug loading capacity, drug release rate and saturation magnetization for

these DDSs.51.75

1.2.3.2 Magnetoliposomes

Liposomes are composed of an aqueous lumen within a phospholipid bilayer,
these vesicles have been applied as nanoscale DDSs.%® The composition of the
phospholipid bilayer has a critical effect on liposomes properties because the
membrane structure should keep stable in blood flow and become permeable
once reaching the target site.”” Hence, membrane permeability, fusion and
destabilization are all important tools for controlling drug release.®® Their
adjustable size, structure and chemical constituents all have critical effects on the
membrane fluidity, charge density and permeability.>> Additionally, the
permeability and drug release rate of liposomes which depends on the lateral
compressibility, could be adjusted by higher temperature (the melting

temperature of lipid), pH, the conjunction with large headgroup amphiphiles,
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defects or pores in the formulation.?’.82 The membrane is in the liquid phase (a
thin and disordered membrane) when the temperature is higher than the lipid
melting temperature (T,,), whereas the membrane will transfer to the gel phase
(a thick and rigid membrane) below the T,,.%%8? The gel to liquid phase transition
of membranes with the rise of temperature will result in the increase in membrane
permeability and the burst release of encapsulated drugs.®® Liposomes show
many advantages, like the modulated circulation of drugs in vivo, the protection
and solubilization of drugs or nanoparticles against biomolecular adsorption by
encapsulating them with various physicochemical properties.>*#? In this kind of
drug carriers, the drug released mainly through trans-membrane diffusion, but
sustained the drug release for a long time is difficult to achieve.®"3 Through
intravenous injection, the drug delivery efficiency is restrained by the
reticuloendothelial system and this limitation could be overcome by the
functionalization of lipid headgroups with moieties, such as PEG.>*% The
PEGylation of liposomes can prolong their storage and blood circulation time,
decrease liver accumulation and uptake by macrophages because PEG can
absorb plasma proteins, aggregate liposomes and protect the complex from the
reticuloendothelial system.*>8285 Some bioactive molecules, such as enzymes
and antibodies, can be used to conjugate on the phospholipid layer to endow
them with more biological site-specific and selective properties due to the
interaction between ligand and the receptors of specific cells.’?8 Thus, the
interaction between the targeting ligands of the carrier and the surface molecules

of the targeted cells can ensure the targeting properties of liposomes.

Accordingly, magnetoliposomes have been developed to combine both the
physical and magnetic properties of MNPs and liposomal drug nanocarriers for
many purposes, including obtaining multivalent properties, preventing MNPs from
aggregation and oxidation, increasing bioavailability, possessing specific target
ability for biological applications.?¢°25 There are three approaches to associate

MNPs with liposomes: encapsulation of hydrophilic MNPs directly within the
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liposome lumen (inner aqueous space), the embedding of hydrophobic MNPs
between the lipid bilayer, and conjugation of MNPs to the bilayer outer surface
(polymers, lipids and surfactants) (Figure 1.6).36:548586 The spatial location of the
MNPs within the MNP-liposome hybrids is determined by the surface properties
of MNPs.3¢ Because MNPs can directly act on the capsule wall, the second
approach is more preferable for DDSs.>* The efficiency of encapsulation is
determined by the size of MNPs.>* However, the incorporation of MNPs in the
bilayer lipid membrane will increase the rigidity of the membrane and thus
decrease the drug diffusion.?® The main limitations in the first approach are
leakage caused by the reaction between the unstabilized MNPs and the
membrane of liposomes, and the increase of temperature as a result of SPIONs
heating.>* The lipid composition can affect the efficiency of the incorporation of
drugs into magnetoliposomes because the excess physical ligands may lead to
the leakage of encapsulated drugs.>* The third approach has not been widely
accepted.® In addition, the saturation magnetization which is related to the
amount of MNPs incorporated can be determined by the composition of
magnetoliposomes bilayers.®® Generally, fast and high drug release (permeability)
from magnetoliposomes is related to the high drug loading capacity, high field
frequency, the large size of MNPs, and long exposure time in a magnetic field.?’

Under the exposure of AMF, the magnetically induced heat and temperature
increase of the magnetoliposomes will lead to the microstructure changes in the
phospholipid bilayer from the gel to liquid phase, the enhanced membrane
permeability and subsequent diffusion of encapsulated drugs.>®8 Once the AMF
was switched off, the temperature of membranes will cool down below T,
because of the superparamagnetic behavior. Herein, the membrane will revert to

the gel phase and prohibit the drug release.>®
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Figure 1.6. Schematic description of magnetoliposomes when MNPs were (A)
located in the lipid bilayer, (B) the lumen (middle) or (C) attached on the surface
of the liposome.

However, the investigation and fabrication of magnetoliposomes are limited by
the inhibition of cell function, the clustering of MNPs, the formation of micelles,
and increased passive drug release.®?84 Therefore, it is necessary to find a
balance between the concentration of encapsulated MNPs and cellular
targeting.®* It is noteworthy that the incorporation of larger MNPs (>5 nm) in the
membrane may lead to the formation of magnetic micelles.>* Besides, the density
and stability of MNPs can affect the stability and membrane permeability of
liposomes.>* Moreover, the thermal-magnetic stimuli may cause damage and
secondary effects to the neighboring tissues because of temperature increase
and magnetically induced eddy currents, subsequently limit the clinical
application of magnetoliposomes.?® Also, the preparing method has a critical
effect on the final shape, size distribution, surface chemistry and magnetic
properties of magnetoliposomes.>* During the process of developing
magnetoliposomes, more attention needs to be paid to the selection of

appropriate methods to synthesis and surface coating of MNPs, and appropriate
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composition of the liposome bilayers.3¢

1.2.3.3 Ferrogels (Magnetic Hydrogels)

Gels can behave like solid-state under some deformation conditions.’® Hydrogels
possess 3D polymeric networks with high swellability in water because their
hydrophilic chains cross-linked chemically or physically.'%87:¢8 The crosslinking
methods include covalent bonds, crystallization, hydrophobic interaction and so
on.?3 Because of the dual nature (solid and liquid), high water content, softness,
elasticity and diffusion ability of hydrogels, their structure show similarity and
compatibility with living tissues.®'®?® According to the polymer category,
hydrogels could be divided into synthetic and natural polymers.® In spite of the
excellent processability and long service life of synthetic hydrogels, natural
hydrogels are regarded to be more suitable for biocompatible applications
because they are environmentally friendly and sustainable.® These synthetic
hydrogels show many similarities with the biological objects in the structure and

performance although common hydrogels show weak mechanical strength.8”-8

As a common type of drug delivery carriers, hydrogels play an important role in
sustained-release and controlled-release dosage forms because of their good
biocompatibility, mechanical properties, high water content and flexible
physicochemical structures.’®8® However, the practical application of
conventional hydrogels was limited by their unfavorable mechanical properties
(e.g. stiffness and strength), insufficient functionality (e.g. conductivity, poor
sensitivity and responsiveness), fatigue deterioration after multiple operation and
difficulty in achieving accurate drug release (passive mechanisms is the main

drug release pattern from hydrogels).?3°

Because the hydrogels show great potential for real-time alternation of swellablity,
permeability and elasticity in response to environmental conditions, their

applications as sensors draw much attention recently.”® The drug release
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behavior of traditional hydrogels were mainly dependent on the tunable pore size
because channels and pores of hydrogels are reservoirs and diffusion pathways
for drugs.® With the manipulation of physical and chemical stimuli (e.g. pH,
temperature, magnetic field, electric field, change in solvent composition and
pressure), various types of stimulus-sensitive hydrogels (smart hydrogels) exhibit
an obvious and reversible change in volume and shape to achieve pulsatile
release and position control.’®87.89.91 Among these stimuli, pH and temperature
stimulated hydrogels have been extensively studied for cancer therapy because
of the relatively lower pH (around 5-6) and higher temperature (around 40-42°C)
of cancerous cells.®” For the application in DDSs, these stimuli sensitive

hydrogels are required to be both biocompatible and biodegradable.®

Magnetic hydrogels (ferrogels), consisting of polymer hydrogels embedded with
magnetic particles, have been intensively studied as smart materials for the
development of DDSs because of their macroscopic changes in the shapes under
magnetic fields.*®°%°* Ferrogels mainly refer to magnetic gels prepared with
MNPs rather than microparticles.®® As the ferrogels show rapid response and
remote control ability by controlling magnetic fields, the biological applications of
ferrogels include controlled drug release and dialysis membranes.®%® As the
critical step in ferrogels synthesis, MNPs were mainly integrated into hydrogels
with three methods, including the blending, grafting and precipitation methods.®23
MNPs have many functions in preparing ferrogels, like crosslinking the hydrogels
for absorbing or attaching to the polymeric chains, to be sensitive to external
magnetic fields.’® During exposure to magnetic fields, mechanical properties of
the polymeric matrix could be improved and the deformation could be adjusted
with the incorporation of MNPs.®® Therefore, these materials with mechanical
softness, viscoelastic nature and magneto sensitivity are commonly applied as

carriers of drugs, proteins, cells and other small molecules.'%"°

As shown in Table 1.3., MNPs and a polymeric matrix (usually using PVA, alginate,
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NIPAM, polysaccharides and PDMS) are the main compositions of the ferrogels.

The properties of ferrogels mainly depend on the size and distribution of MNPs,
the type and concentration of gels and MNPs.° As ferrogels with a larger radius
will lead to a stronger magnetic force and a faster movement, it will take less time
for larger ferrogels to reach the target site.*® Besides, ferrogels with a smaller size
show a higher swelling rate due to the larger surface/volume ratio and more
contact with the surrounding solvent.*® Additionally, the type and concentration of
base materials and MNPs can affect the swelling behavior of ferrogels
significantly because the ratio of ironic and non-ionic functional groups in
ferrogels can determine their swelling capacity.'®% The loose-structured ferrogels
with high swellability and low cross-linking extent can retain more fluids for the
development of DDSs." Through coating MNPs with polymers, ferrogels can
possess higher biocompatibility, pre-programming, self-regulation, precise
actuation and lower risk for particles aggregation.’®° It has been proved that the
extent of cross-linking, the intensity of the applied magnetic field and the
concentration of MNPs all have a critical effect on the elastic modulus of
fabricated ferrogels.®® The high tendency of the MNPs to aggregate is one of the
main challenges in coating MNPs with a polymer matrix, considering the result of
surface roughness and stress concentration.’® Hence, the main difficulty in
achieving ferrogels with good mechanical properties and magnetic sensitivity is
the compatibility of the polymer matrix with encapsulated MNPs.?® Additionally,
ferrogels show advantages in drug loading capacity, delivering drugs and phase
transition for releasing drugs in a specific location because of time-dependent
deformation and dynamic microstructural changes when external magnetic fields
are exerted.'%'997 Diffusion is the main release mechanism of ferrogels.'® With
the manipulation of externally applied magnetic fields, the drug dosage and
diffusion rate could be adjusted.'® There are two main mechanisms for ferrogels

drug release.
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Table 1.3. Examples in the literature of ferrogels formulations

Stimulus Base material Crosslinker Drug MNPs Ref.
magnetic methacrylic acid or 2- | N,N’-methylene | 5- Fes04 19
field; pH aminoethyl bisacrylamide fluorouracil

methacrylate

hydrochloride and

N,N’-

dimethylacrylamide
magnetic Acrylamide PEG CoFe204 98
field
magnetic PVA polyethylenimine | - Fes04 99
field
magnetic PVA  and kappa- | - diclofenac Fes04 96
field; pH Carrageenan sodium
magnetic Alginate calcium sulfate | doxorubicin | SPIONs 89
field
magnetic NIPAM N,N’-methylene | doxorubicin | MngeZnosFe 04 | %7
field; bisacrylamide SPIONs
temperature
magnetic PAAmM N,N’-methylene | - y-Fe203 87
field bisacrylamide
magnetic glycol chitosan, - - SPIONs 88
field oxidized hyaluronate
Magnetic NIPAM N,N’-methylene | doxorubicin | FeszOs 92
field; bisacrylamide
temperature;
pH
magnetic PVA glutaraldehyde | theophylline | FesOs 93,100
field scleroglucan -
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One mechanism is direct actuation through a physical deformation in ferrogels
(Figure 1.7A). The accumulation of magnetic response of embedded MNPs could
enable the ferrogels with magnetic macro-response and mechanical deformation
properties because the magnetic moments of MNPs tend to align under the
applied magnetic field.”?® As a result of fluid convection, adjustable drug release
can be easily triggered from ferrogels.>® Ferrogels will be stretched immediately
according to the direction of magnetic fields, then return to the previous form after
the magnetic field is disappeared.’* Hence, the mechanical deformation property
could be manipulated to control drug release from ferrogels through adjusting the
amount of containing magnetic particles.” The drug release mechanism could be
transferred from diffusion to magnetic field activation as the shrinkage of ferrogels
will lead to a decrease in inner pore size and the release from the loaded drugs.’
To achieve this aim, the size of MNPs ranging between 5 and 500 nm is regarded
as the most appropriate size for ferrogels.’* The particle size of magnetic particles
has a significant effect on the deformation of ferrogels with a moderate magnetic
field because larger particles show higher saturation magnetization values than
smaller particles.® Ferrogels composed of MNPs with larger particle sizes
showed better magnetic sensitivity due to their stronger saturation magnetization
and weaker coercive force.?® Importantly, the particle size of MNPs, the frequency
of magnetic treatment and the switching duration time both have significant
effects on the drug release behavior of ferrogels under the magnetic fields.*° It
has been proved that the concentration of MNPs also has a critical effect on the
elastic properties of ferrogels because MNPs can improve the density of ferrogels
matrix and inhibit the swelling process in some cases.®” In addition, the
roughness of ferrogel surface which is associated with the concentration of
embedded MNPs, can influence the cell adhesive ability and proliferation.®’
Furthermore, ferrogels have the potential to be designed for multifunction through
the conjunction with biological ligands or encapsulation with polymers for
MNPs.'* However, Zhao et al. pointed out that the deformation and volumetric

change of typical nanoporous ferrogels applied in drug delivery are limited, and
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the pore sizes are almost in the nanometer range.®* Hence, the transport of large
molecules and cells through gels will be limited (Figure 1.7A1). When the
ferrogels are exposed to magnetic fields, the magnetic moments of MNPs can be
aligned together and the aggregation of MNPs will lead to the “close”
configuration of ferrogels.®® The drug release kinetics will be decreased by the
application of magnetic field because of the significant reduction in pore size and
the increase in tortuosity (the ratio of the actual path length through the pores to
the shortest linear distance) of diffusion channels of ferrogels.?'°° When the size
of the drug molecules is smaller than the pore size of ferrogels, the diffusion
coefficients are inversely related to the tortuosity of the gels.’® In contrast, the
application of macroporous ferrogels with micrometer scale interconnected pores
can overcome these problems because of simultaneous scaffold collapse and
on-demand release of loaded drugs in response to magnetic fields (Figure
1.7A2)."494 Various ferrogel formulations have been used in clinical applications
such as modulating drug delivery, MRI, cell tracking in vivo and hyperthermia
treatment because of the promising combination of a safer stimulus with
biocompatible magnetic particles, especially iron oxide nanoparticles. Also, it is
noteworthy that the reduction in the size of ferrogels will lead to a decrease in
ferrogels deformation as a result of less content of magnetic particles to be used
to generate enough body force for smaller ferrogels.*® For example, poly (vinyl
alcohol) (PVA) can be cross-linked with MNPs because of its amphiphilicity for
encapsulating drugs in either aqueous or organic solvent and dispersing MNPs
uniformly.®® The mixture of glycol chitosan (GC) and oxidized hyaluronate (OHA)
solution (without additional chemical crosslinkers) could be used to fabricate
ferrogels with the addition of SPIONs.®® Polyacrylamide (PAAm) gels, which is
regarded as the most common hydrogels, have been used to fabricate ferrogels
networks with various cross-linking density because of low toxicity, cells
compatibility and high elasticity.2” However, the addition of cross-linking agent,
initiator and catalyst are necessary for the synthesis of PAAm hydrogels.?” As a

physical cross-linking method, freezing-thawing could be applied in the
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fabrication of PVA-based hydrogels due to its simple operation.®® Similarly, other
polymer systems also have been made with ferrogels, like gelatin-ferrite. In
addition, injectable temperature-sensitive hydrogels have been connected with

ferromagnetic particles.’

The other mechanism is drug release through de-gelling because of the
conversion from high-frequency magnetic fields to heat (Figure 1.7B)."#23 When
the temperature is below the lower critical solution temperature (LCST), the
polymer chains will absorb water and swell (decoil). Polar groups of hydrogels
would result in water imbibition and volume increase.’® Under an oscillating
magnetic field, MNPs will heat inductively due to power absorption and the
following magnetic relaxation of single-domain nanoparticles.*'° Generated heat
can increase the degradation rate of these thermo-responsive ferrogels due to
their reversible phase transition properties.®” The polymer chains will de-swell
and cluster to ‘gel’ phase because of the transformation from hydrophilicity to
hydrophobicity when the temperature is higher than the LCST.?” Porosity and
diffusive pathways of ferrogels will be affected by the significant volume
fluctuations in various temperatures.’® Once the magnetic field was removed, the
ferrogels will cool down and the phase transition will reverse.*°! PNIPAM is
regarded as the most common polymers because its LCST is around 32°C."
Similarly, hydroxypropyl cellulose and poly(dimethyl aminoethyl methacrylate)
also show thermosensitivity."" Therefore, a higher temperature can result in the
hydrogel collapse and a burst release of encapsulated drug molecules (Figure
1.7B1).%>* This squeezing-controlled release is more desirable in a delayed
triggering treatment because this mechanism can prevent the release of a large
number of therapeutic agents before the trigger operation (heating process until
reaching the Curie temperature).” However, the collapse of the hydrogel matrix
was also observed to prevent the drug release because of the significant
decrease in diffusive pathways (Figure 1.7B2).”'* This ability makes ferrogels

suitable for implantable devices with tunable pharmacokinetics, noninvasivity and
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precision.” The LCST of hydrogels could be altered by adjusting the
hydrophilicity of polymers.”" The LSCT could be enhanced when hydrophilic
comonomers (like acrylic acid and acrylamide) were added to the hydrogels.'%"
Consequently, the LSCT of thermo-responsive polymers could be tuned easily

with the graft over MNPs."°
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Figure 1.7. Schematic description of the drug release mechanisms of ferrogels:
(A) matrix deformation induced by externally applied magnetic fields and (B)
gelation induced by the association of polymeric chains beyond LCST.
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The spatial distribution of MNPs in magnetic matrices shows parallel alignment
to the direction of the magnetic field.’®" Accordingly, the spatial distribution of
MNPs (including random distribution, parallel and perpendicular chain-like
structure) fabricated under the exposure to magnetic fields can affect the
mechanical properties (like elastic modulus shear modulus and Young’s modulus)
of composites significantly.’?-'%2 By modulating the nanochannels in ferrogels
according to different directions of the externally applied magnetic field, the
diffusion behavior of ferrogels could be adjusted.®® As shown in Figure 1.8, MNPs
were aligned in an end-to-end configuration under the exposure to magnetic fields
(anisotropic ferrogels) whereas MNPs were distributed randomly in ferrogels
without magnetic fields (isotropic ferrogels). As a result, the ferrogel
nanochannels could be controlled according to the fabricated pearl-chain
structure of ferrogels. In accordance with the drug diffusion direction and
nanochannels which are decided by the direction of the magnetic field, the drug
release rate of ferrogels is in the order of anisotropic perpendicular-aligned
ferrogels < isotropic ferrogels < anisotropic parallel-aligned ferrogels. To conclude,
the manipulation of magnetic field directions can realize the switch between “on”

and “off” for the drug release from hydrogels.
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Figure 1.8. Schematic illustration of the effects of the direction of magnetic fields
on the drug diffusion behavior of anisotropic and isotropic ferrogels: (A) the
ferrogels were arranged by left-to-right magnetic fields (perpendicular to the drug
diffusion direction), (B) isotropic ferrogels (randomly distributed MNPs), and (C)
the ferrogels were arranged by top-to-down magnetic fields (parallel to the drug
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diffusion direction).

The study of Zhao et al. suggested an active scaffold in the form of a macroporous
ferrogel, which can achieve on-demand and reversible various biological agents
delivery in response to external magnetic fields.®* Alginates were used to
fabricate the scaffolds, they were covalently coupled with peptides containing the
arginine-glycine-aspartic acid (RGD) amino acid sequence. Pluronic-coated
FesO4 nanoparticles were embedded in the RGD-modified alginate, and a
superparamagnetic gel was formed. Under the externally applied magnetic field,
the prompt deformation of the macroporous ferrogel can trigger the release of
biological substances through the interconnected pores. To achieve suitable
magnetic sensitivity, a high enough concentration of MNPs should be required in

ferrogels formulations.>®

However, the application of hydrogels is mainly limited by their poor drug loading
capacity.®? Moreover, swellable hydrogels may block blood vessels.?* Although
ferrogels have been widely studied for controlled drug delivery, it is difficult to
achieve zero-order drug release before reaching the target sites as a result of the
thermodynamic nature of diffusion.’®® Also, it is vitally important to entrap MNPs
completely in the hydrogels to make sure the achievement of a uniform dispersion
and optimized performance without the leakage of MNPs during the release of
drugs."" Excess MNPs may create an extra burden to health, whereas insufficient
MNPs cannot produce rapid responsibility to magnetic fields.® It is challenging to
develop ferrogels with suitable physicochemical properties for the sophisticated
in vivo environment.?®> Consequently, the development of ferrogels will be an
inspiration to other magnetic elastomer materials with a more reasonable and

safer design of structure and composition.

1.2.3.4 Magnetic Sponges (Ferrosponges)

Due to the interconnected nanopore structure, ferrosponges can accommodate
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a large number of therapeutic agents.® Additionally, the ferrosponges with
nanoporous networks possess strong magnetic sensitivity, high swellability, good
elasticity and hydrophilicity.°° Furthermore, the drug release from ferrosponges is
dependent on the magnetism and the associated interactions between the MNPs
and the polymer matrix during exposure to magnetic fields.”® Although
ferrosponges are similar to ferrogels, the porous structures endow them with
better shape recovery ability, higher absorbency and stronger magnetic sensitivity
because MNPs are distributed in a higher concentration within thinner polymeric
walls.?° Besides, the inclusion of MNPs in the polymeric walls can lead to lower
wall permeability and drug release rate under magnetic fields (Figure 1.9).%° It
has been proved that the polymer matrix has a stronger influence than the
amount of MNPs on the morphology and pore size of the fabricated
ferrosponges.®® Consequently, the ferrosponge formulation (including porosity,
crosslinking degree, polymer type and concentration) can affect the release

behaviors of loaded drugs significantly.'%4

wall of sponges

~—~—-  polymer

) drug molecules

. magnetic nanoparticles (MNPs)

pore of sponges

Figure 1.9. Schematic illustration of ferrosponges.

1.2.3.5 Magnetic Mesoporous Silica Nanoparticles
Mesoporous silica nanoparticles (MSNs) show great potential in biomedical

applications because their structure makes them superior carriers for therapeutic
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agents with various sizes, shapes and functionalities.”® The most common MSNs
present various pore sizes (between 2 and 10 nm) and structural characteristics
(2D hexagonal and 3D cubic shape).®? Therapeutic agents could be entrapped in

the pores of the silica layer deposited over particle surfaces.®?

Magnetic MSNs, core-shell structural mesoporous silica-coated MNPs, have
been frequently studied because of their good biocompatibility, water dispersibility
and wide biomedical applications.”®'% The combination of MSNs with magnetic
properties can be applied in magnetic targeting, MRI, and MFH.®? Their appealing
structural properties as DDSs including a large surface area, modifiable surface,
a homogenous and large pore volume.'% Additionally, their silica coating can
prevent potential toxicity of MNPs due to the biochemical stability of silica shell
and resistance to erosion.'®® Magnetic MSNs can be accumulated in the target

site in response to externally applied magnetic fields.’®

Similarly, the mesoporous structure on the surface of MNPs has a significant
effect on improving drug loading capacity and increasing drug targeting
efficiency.'°® Hollow mesoporous MNPs endowed with anticancer drugs could be
prepared with a simple method and realize targeted drug delivery for cancer

treatment. 106

To promote the specific localization of therapeutic agent for MSNs, many efforts
have been devoted, like the incorporation of hyaluronic acid in the mesoporous
silica-coated Fe3O4 nanoparticles can target tumor cells selectively and release

drug efficiently both in vitro and in vivo."%

1.2.3.6 Other Magnetic Nanocomposites
In addition, magnetic carbon nanotubes (CNTs), especially magnetic multiwalled
CNTs, show several advantages as targeted DDSs, such as the simple synthesis

and longer residence time for therapeutic agents through the application of
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magnetic fields.6'.64107

Although various nanoscale magnetic DDSs have been developed for disease
targeting, very few strategies have been translated into clinical applications and
commercialization due to their main limitations, including poor controllability,
hydrophilic drug loading capability, in vivo circulation instability and targeting
efficiency.6”-108.19° Moreover, these strategies involve complicated chemical
synthesis, inappropriate properties of MNPs, complex crosslinking agents and
inadequate magnet system.’?357 Consequently, the combination of microscale
DDSs and nanocomposites are regarded as an emerging future strategy for the

development of targeted drug delivery.'%®

1.2.4 Microscale Magnetic Drug Delivery Systems

Microscale magnetic DDSs are promising candidates in clinical therapy because
of minimal invasiveness and wireless controllability.’® The main problem that
should be resolved is the controllability of microscale DDSs and the precision of

drug release at the target site.'®

1.2.4.1 Magnetic Microrobots

Microrobots are of great importance in biomedical applications because of their
small size, minimal invasiveness, the ability to access most locations within the
human body and targeted drug delivery.*”-'° The application of wirelessly
controlled microrobots (such as tumor imaging and targeted drug delivery) can
help increase drug retention, minimize patient trauma and side effects.”"" There
are various kinds of magnetic robots, like capsule, earthworms, crawling and
helical shape.'"” Nowadays, 3D printing technologies could be used to fabricate
miniature components or complicated microrobot models designed with
SolidWorks Software.'>~""* The developed device is required to be structurally

compact and can be fit in the body.""? Suitable and efficient actuation strategies
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are the determining factor for minimizing microrobots, so the application of
magnetic actuation can meet the demands without the requirement for on-board
power or computation.®""" In order to maintain homeostasis, active and real-
time control of the drug released amount from microrobots is required to be in

response to the physiological changes and therapeutic needs.'"°

Wireless capsule endoscopes (WCEs), consisting of a miniature video camera,
a battery and telemetry, have been developed to solve the problems in examining,
diagnosing, and curing the inaccessible part of the gastrointestinal (Gl) tract.3+'1°
After oral administration, captured video can be sent to an external memory
system through radiofrequency signals.''* These systems can detect suspected
disease in a comparatively safe, noninvasive and well-tolerated way. Although
conventional WCEs show many advantages in good flexibility in swallowability,
painlessness, the movement inside the body, drug delivery and surgery in the Gl
tract, they still have many technical problems in realizing active or real-time
movement minimization without causing any damage in vivo.3*14116 Therefore,
the actuating method of WCEs should be effective, accurate and versatile, as
WCEs have low diagnostic accuracy and fewer abilities when compared with
traditional endoscopes.’’ There are several approaches, such as magnetic

actuation, battery-powered motor actuation and hybrid actuation.

Moreover, expensive energy supply is another challenge and it is difficult to
realize multi-direction motion or achieve backward movement.''*"'6 The
application of magnetic torque is a hopeful approach to solve the problem of
energy supply in the WCE movement. According to Munoz et al., an external
magnetic system (outside the patients’ body) and internal permanent magnets
should interact with each other in magnetic devices of capsule endoscopes.’'®
However, some commercial systems applied to actuate capsule endoscopes,
such as electromagnets in MRI are too expensive for clinical applications.

Therefore, applying external permanent magnets manipulated by robotic arms is
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a feasible, easy and cheap way for remotely triggering magnetic modules, which
are inserted in capsule endoscopes. The main challenge of triggering these
magnetic devices with external PMs is the difficulties for real-time control
strategies because of the complicated magnetic interaction between external and

internal permanent magnetic systems.'"®

With the combination of a magnetic object and WCE, the device could be actively
controlled in the GI tract in response to externally applied magnetic fields."*
When equipped with a drug delivery module, the WCEs have been expected as
a promising candidate in targeted drug delivery for non-invasive treatment due to
less pain, tissue trauma and hospitalization time for patients.®*"* In recent years,
permanent magnets can be placed into the WCEs for achieving rotating and
moving with the application of electromagnetic fields generated by the Helmholtz
coils.”’® Several prototypes of drug delivery WCEs have been developed,
although few of them can achieve complete control over drug release for clinical
application.” The main problems are potential tissue damages and difficulties of

both precise location control and real-time position control.'®

Before the clinical trial and commercialization of magnetic microrobots, there are
several obstacles to be overcome, such as developing multifunctional robots,

tracking the device in vivo, and achieving real-time visualization.''?

1.2.4.2 Magnetic Elastomers

Magnetic elastomers are composite materials composed of highly crosslinked
polymeric matrices loaded with magnetic particles.'?’-1°? Due to the limitations of
conventional magnetic elastomers, including low flexibility, deformation and
sensitivity to externally applied magnetic fields, a new generation of magnetic
elastomers was optimized with MNPs and highly elastic polymers for achieving
obvious deformation, adjustable elastic modulus and high sensitivity to magnetic

fields.'9" Although ferrogels and magnetic elastomers show some similarities, the
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crosslinking degree of polymeric matrices in ferrogels is lower and MNPs in
ferrogels show higher flexibility in diffusing through the network and form
agglomerates.’%? According to the spatial distribution of MNPs (whether the
composite was exposed to magnetic fields before the polymer crosslinking
process), the magnetic elastomers can be classified into two types: isotropic
(elastomer-ferromagnet composites) and anisotropic (magnetorheological
elastomers).'%? Many studies illustrated that the elastic modulus and shear
modulus of isotropic and anisotropic magnetic elastomers will both increase with

the increase of applied magnetic fields."%?

Apart from these DDSs, microbubbles incorporated with MNPs have been proven
to be suitable drug delivery carriers for magnetic targeting.?? Although much
progress has been made to advance microscale magnetic field triggerable DDSs,
challenges remain. Further study of the biocompatibility of polymer matrices with
magnetic triggering is still necessary.’* Besides, the systems should be designed
not degrade obviously over various induction because the degradation may

change the function of the device unpredictably.

1.2.5 Macroscale Magnetic Drug Delivery Systems

Owing to the limitation of low drug loading capacity, it is difficult for nanoscale and
microscale DDSs to achieve extended drug release.’?° Moreover, their targeting
ability could be affected by the complex biological environment in vivo. However,
DDSs at the macroscale are receiving increasing attention because it is possible
for these systems to spatiotemporally control drug availability at a target site.’?°
According to the drug release mechanism, these macroscale DDSs can be
roughly divided into two categories, polymer scaffolds (passive DDSs) and

stimuli-triggered devices (active DDSs)."?"
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1.2.5.1 Magnetic Macroporous Scaffolds

Porous scaffolds, which are made from natural or synthetic polymers, have been
widely studied as drug carriers and scaffolds for tissue engineering because of
the 3D environment.® Although porous scaffolds show excellent efficiency in
preserving and delivering therapeutic agents and cells, it is difficult to achieve
precise and on-demand drug delivery as the drug release is mainly governed by
passive release mechanisms (e.g. molecular diffusion and scaffold
degradation).’? According to the pore size, the porous solid network structures
were mainly categorized into two groups: macroporosity (between 100 and 200
nm) and mesoporosity (smaller than 100 nm).° Active porous scaffolds which
can be responsive to external stimuli have been applied in controlled drug
delivery.* As a result of their stimuli sensitivity, active drug release with high

flexibility and reproducibility can be realized.

As an essential trace element in mammalian, silicon is widely distributed in
human tissues.?® Polydimethylsiloxane (PDMS) has been intensively studied as
the matrix material for fabricating scaffolds with stochastic porous structures
because of its special properties such as chemical inertness, elastomeric
properties, biocompatibility, low toxicity, high flexibility, nonflammability, ease of
fabrication, low manufacturing costs, optical transparency, and gas
permeability. 23124 In addition, it has been proved that PDMS sponge is a porous
and hydrophobic polymer with attractive features like large absorption capacity,
high porosity, lightweight, low density, low surface tension and energy, good
elasticity (to be deformed into any shape), repeated compressibility (in either air
or liquids without collapsing), and excellent recyclability.'?%'2> Furthermore, only
a few hours are enough for the preparing process of PDMS sponges and large-
scale production can be easily realized for the benefits of the proposed sugar-
templating process. Extrinsic magnetic stimulation and carbonyl iron (ClI)
microparticles which are incorporated into PDMS sponges (with 3D connected

macropores) can provide a tunable force for triggering drug release from the
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microspouter.’?6

Tolouei et al. designed and fabricated a two-compartment biomaterial system
which is composed of a magnetically actuated biphasic ferrosponge nested within
an outer macroporous gelatin hollow scaffold (Figure 1.10)."% The outer scaffold
is designed to provide infiltration and residence for cells due to its interconnected
macroporous structure.'% The inner compartment comprises a Fe3Os loaded
alginate sponge (top region) and a pure alginate sponge (bottom region). As a
result, the biphasic ferrogels can exhibit obvious deformation under magnetic
fields and release drug payloads from the bottom half, endowing the device with

delayed and magnetic field triggerable drug delivery behaviors. %4

Complete system Comp.1 Comp.2

~

5mm

Figure 1.10. A two-compartment biomaterial system comprises an outer gelatin scaffold
(Comp.1) and an inner biphasic ferrogel (Comp.2)."%

1.2.5.2 Magnetically Triggerable Implants

In recent years, implantable DDSs have been extensively studied for achieving
controlled drug release when oral drug administration is not the optimal
choice.’?"?” In local disease treatment, these implants are superior to
conventional injections because of their ability to go through physiological
barriers without triggering pain for patients which are related to multiple invasive

skin punctures.’?” Many studies have illustrated that implants can show great
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efficiency in suppressing inflammation and angiogenesis.'?® Generally, an
implantable DDS is composed of a reservoir, a micro-scaled chip and a pump.'?’
The reservoir should be made up of biocompatible materials with strong
mechanical properties. Most implantable DDSs in clinical applications were
designed to be a cylinder without any sharp edge for easing the implantation and
explantation.’”” The size should be customized according to the drug
administration frequency and the drug release duration for the device.'?” Because
active DDSs are more versatile than diffusion-based devices in achieving
complex drug release Kkinetics, active drug release implants have been
extensively studied for the treatment of cancer, diabetes and sclerosis.’?” There
are some points to consider when developing these devices for actual clinical
applications, for example, ideal implants should be small in size.'?' Notably, the
retrieval of implants after use is also important as most commercially available
implants are fabricated from non-biodegradable polymers."?'2° Moreover,
therapeutic agents loaded in the device should maintain stability until being
released.’”” With the development of 3D printing technologies, the
personalization of implantable DDSs could be realized.'?° In order to save space
for the device, magnetic actuation shows great advantages over electric power

supplies and electronic circuit components.'?’

Shademani et al. proposed a microspouter as a novel drug delivery device to
provide an actively and precisely controllable approach for on-demand local drug
delivery (Figure 1.11).72% A 3D-printed positive mold was used to fabricate the
PDMS reservoir. Then the magnetic sponge was installed in the demolded
(peeled off from the mold) round shape reservoir (4 x 1.5 mm, diameter x depth)
and the drug was loaded. In order to seal the microspouter, a thin PDMS
membrane was firmly bonded to the top of the sponge and reservoir through
plasma treatment. An aperture (90 x 90 um?) was made by laser ablation at the
center of the PDMS membrane. Methylene blue (a good water-soluble model

drug) and docetaxel (a hydrophobic drug with poor water solubility) were chosen
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to investigate the drug release and functionalities for controlled drug release of
the microspouter. The experiments demonstrated that the duration of release and
dose can be simply and accurately controlled by this implantable device. Besides,
the activity and effectiveness of docetaxel stored inside the device can be
maintained even after over one month of encapsulation. Furthermore, a safe and
long-term drug release would be possible to achieve because of a low

background leakage and large drug loading ability. 26

sponge

Reservoir

Figure 1.11. (a) 3D-printed mold for reservoir fabrication. (b) Image of demolded PDMS layer
and one typical reservoir punched out. (c) Schematic-exploded diagram of the device
components. (d) SEM image of the device from the cross-section view.'?

Up till now, magnetic DDSs have not been successfully translated into clinical
applications because of the relatively low efficacy and difficulties in controlling
MNPs.26 With the development of personalized medicine, more efforts should be
devoted to developing novel magnetic field triggerable DDSs which can deliver

and release drugs to individual patient safely and efficiently.3°

1.3 Hot Melt Extrusion and Fused Deposition Modelling 3D Printing

Compression and injection molding are traditional approaches to fabricate
medical implants which are loaded with API solutions or suspensions through the
coating and spray-coating techniques for local drug delivery.”*' As a novel
technology for rapid prototyping, 3D printing technology has been widely applied
in many domains, such as fashion, architecture, defence, aerospace, automotive

engineering and disease therapy in recent years.'?°132-134 With the development
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of this promising technique, a more efficient and flexible tool was presented for
obtaining digitally designed custom preparation of implantable dosage forms,
medical devices, surgical instruments and tissue engineering scaffolds. 35136 This
instant desktop manufacturing is of great importance in emergency care and
individualized therapy.'*® Additionally, pharmaceutical 3D printing plays an
important role in precision medicine because of the ability to provide a more
efficient method for targeted drug delivery.”®” In this way, APIs could be
incorporated into scaffolds for sustained release instead of post-fabrication
coating for burst release.’®® These properties are especially important for
chemotherapeutic drugs with narrow therapeutic window and special patient
groups, such as pediatric and geriatric patients.'3”-'3° Nowadays, 3D printing is
regarded as a scalable manufacturing process and can be employed to prepare
medical devices, implants, tissue regeneration, pharmaceutical dosage form, and
personalized medicine.”" Implants could be either directly manufactured using
3D printing technologies or prepared using a 3D printed mold with castables

materials.'38

3D printing technology which also known as additive manufacturing is a
manufacturing process based on computer-assisted design (CAD) to describe
the geometry and size of objects to be built.”*® The CAD model was then exported
to rapid prototyping stereolithography (.stl) file format through creating sliced
layers of the model."*° Although the additive manufacturing process is relatively
slow when compared with the traditional polymer manufacturing process
(subtractive and formative manufacturing), it allows the CAD-guided manufacture
of 3D structure with high shape complexity and multifunction.’3® The shape and
geometry of the printed dosage forms can influence the drug release rate.'#° By
modulating the dimensions and infill pattern/percentage, drug release dosage
can be customized.’*" In practical applications, postprocessing is required for the
3D printing process to remove support structure or improve surface qualities

because the fabricated layer thickness is normally between 15 and 500 um
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whereas naked eyes can recognize the layer thickness higher than 50 um.'36

The advantages of using 3D printing technologies in the development of DDSs
are: (1) fabrication of complex shapes and geometrics with higher possible shape
fidelity and accuracy, (2) on-demand production of various compositions for
personalized dosage forms in an emergency, (3) reduce waste and solvent
applications, (4) streamline the manufacturing process of pharmaceuticals, (5)
precise control over the special distribution of APIs within the dosage form with a
minimized medication error.'3".141-143 | gst but not least, these 3D printed implants
have been proved to be capable of eliminating burst release and achieving zero-
order release due to the ability of this technique to modulate drug release kinetics

through the control over geometry, surface/volume ratio and feed materials. '’

Liquid-based, solid-based and powder-based are the three main categories of 3D
printing technologies (Figure 1.12).'® Among these 3D printing technologies,
drop-on-powder and fused deposition modelling are the most common

approaches to fabricate drug delivery implants.'’

3D printing technologies in
drug delivery systems

Liquid-based Solid-based Powder-based
systems systems systems
tStereolithography | | Fused Deposition|| | Selective Laser
(SLA) Modelling (FDM) Sintering (SLS)
Semi-solid
— Exirusion '— Drop-on-powder

Figure 1.12. Schematic view of various 3D printing technologies that commonly
used in fabricating drug delivery systems.
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1.3.1 Powder-based 3D Printing

Drop-on-powder, also known as binder jetting, is a typical powder-based (PB) 3D
printing technology. It was developed by the Massachusetts Institute of
Technology (MIT) in the 1980s."** In 1994, this technology was licensed to Z-
Corporation Inc. for commercialization."3® It is regarded as the first technological
adaption of 3D printing for pharmaceutical demands.'*® A wide variety of
materials could be applied in the powder-based process, including metals,
polymers, ceramics and metal-ceramic materials.’® This process utilizes an ink-
jet nozzle that can dispense the ink solution onto a flattened powder bed (Figure
1.13)."37 The ink solution are required not to dissolve or chemically react with
powders.'*> The workflow can be divided into three steps: (1) the powder supply
platform is lifted and the fabrication platform is lowered, (2) a new powder layer
is spread onto the previous powder bed surface by using the roller horizontally
across the fabrication platform, (3) particles of the powder carrier can be adhered
together by organic or inorganic binders to form an agglomerated object in a
layer-by-layer manner because of adhesive forces or a hydraulic cement setting
reaction.’3.145 After completing these three steps, the unbound powder could be
carefully removed from the remained parts through vacuuming or brushing
because the de-powdering process is critical for printing porous objects
especially when the pores and interconnections are small.’*> Postprocessing by
resin infiltration or sintering is necessary to remove residual volatile solvents and
improve the mechanical properties of final products.’36.139.145 |n this event, the
final 3D printed products with desired geometry can be created by stacking
agglomerated layers in sequence. As a result, the PB 3D printed oral dosage
forms, such as tablets, are similar to fast-disintegrating tablets because they are
composed mainly of powders with loosely bound particles. Although there are
many different 3D printing techniques suitable for pharmaceutical applications,
the first Food and Drug Administration (FDA) approved 3D printed medicine

(Spritam®) was developed through TheriForm® technology, which is originally
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derived from a PB 3D printing technique.’®” Owing to the printing nature,
formulations, and process optimization, the Spritam® (levetiracetam tablet) shows
a highly porous internal environment and micron-scale pore size that can
dramatically increase the surface area. The ultra-rapid drug dissolution and

release after oral administration could be achieved. 46
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Figure 1.13. Schematic of the powder-based 3D printing process of a tablet.

1.3.1.1 Processing Parameters for Powder-based 3D Printing

The formulation development of PB 3D printing consists of two distinct
formulation constituents, the ink and powder mixtures.’®” Hence, the powder
topology and the reactivity between the powder and the ink are the two factors to
influence this technology.’*” According to the location of the binder, PB 3D printing
could be differentiated between the binder contained within the ink formulation
and the binder distributed in the powder particles (Table 1.4).73¢ In other words,
there are three options for the ink composition: (1) API(s) and binder(s), (2)
binder(s) and (3) solvent(s)."*” For the first option, applied APIs and binders are
required to be dissolved or dispersed.’” The binder which is composed of a
solvent or solvent mixture will be responsible for particle fusion. Film-forming
polymers and polymer dispersions are commonly used binders. The binder

should be selected according to the powder type (Table 1.4), for example,
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aqueous binders could be used for hydrophilic powders whereas organic solvents
are suitable for hydrophobic polymer powders.'*® Additionally, the flowability and
wettability of powders should be considered.’*> Physicochemical properties of the
ink have a significant effect on the printability, so the surface tension and viscosity
should be adjusted according to specific devices.'®” Jetting trials could be used
to test the ink performance, then the particle size could be adjusted accordingly
to ensure reliably jettable ink.'®” Therefore, the optimization for PB 3D printing is

complex.’’

Table 1.4. Classification of materials used in powder-based 3D printing.

PB 3D printing

materials  binder component in the ink binder component in the powder

inorganic (colloidal silica)
binder organic (polymeric resin,
polymeric emulsion)

organic solvents: e.g.

agqueous ink
chloroform q

water-soluble
particles: starch,
plaster, cement

water-insoluble particles:

powder metal, ceramic PLA. PLGA, PCL

The typical mechanism of the PB 3D printing process can be described as three
steps: (1) dissolution of binder in the printing liquid, (2) infiltration of binding liquid
(ink) into the powder bed, and (3) solidification upon drying."®" The concentration
of binder is the determining factor for the mechanical strength of the final product
as the increase of binder concentration can lead to lower porosity and enhanced
strength.”™' As a result, the fluid properties of the ink should be evaluated.
Besides, the particle size of the powder bed has a critical effect on the binder
distribution, layer thickness and porosity of the final product.*® However, the
effect of particle size on the quality of the final structure is still contradictory. Some
studies pointed out that fine powders (< 20 ym) can achieve higher strength,
whereas others suggested that fine powders may cause bleaching issues during
the printing process.’®® The ideal value of average particle size is between 50 and

150 um."3" Furthermore, other processing parameters worth consideration are
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nozzle diameter, droplet distance, printing speed, droplet frequency and
velocity.”" As the typical layer thickness is around 100 pum, the resolution is a
limiting factor for the geometry flexibility of the PB 3D printing process.’*® To
ensure dimensional accuracy and repeatability of fabricated products, layer
thickness, printing delay, build orientation, postprocessing methods, ink volume

and geometric properties should also be considered.'#°

Therefore, the main challenges of the powder-based 3D printing technique are
the limited selection of ink formulation and the adjustment of dose composition. '3
Despite the above-mentioned advantages, applications of this technology are
limited by low resolution and large pore sizes of fabricated scaffolds.’#®> Moreover,
fabricated porous scaffolds usually possess low mechanical strength which is
related to their pore volume and distribution.’*> As a result, common mechanical
tests are not suitable for obtained products.’3” Furthermore, low fabrication speed

and the reusability of materials should be further investigated. %’

1.3.2 Fused Deposition Modelling 3D Printing

The fused deposition modelling (FDM), also known as fused filament fabrication
(FFF), 3D printing technology was first patented by Stratasys Ltd. in 1989.'%'
Commercially available filaments (with the diameter of 1.75 or 3.0 mm) from a
spool are feed materials for the print head of FDM 3D printers (Figure 1.14)."3¢
The physical state of the feedstock changes from solid to semisolid or liquid
during the heating process.'*° The operation principle of FDM 3D printers can be
described by four modules: the feed zone, the hot zone, the deposition zone and
the motion system (belt driven H-frame gantry)."*® The molten filament was
extruded out from the printing nozzle and deposited onto the building platform in
the x-y axis.'* After the completion of one layer, the building platform moves
down in the z-axis to allow the printing of the next layer on the previous one.’*°

This process was repeated until the final layer was printed. In recent years, FDM
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is the most widely studied 3D printing technology in fabricating DDSs because of
its low cost, simple operation, high reproducibility and strong control over drug
release kinetics.'®® The fabrication process can be simplified as follows: (1)
extrusion of molten materials, (2) deposition of extrudates in a layer-by-layer
manner for obtaining predetermined geometry, and (3) solidification upon
cooling.’®" Postprocessing might be required for FDM 3D printed products due to
their rough surface topography.’® Although FDM can print objects without
chemical modification, its limitation in biomedical applications should be
considered, like high processing temperature, slow manufacturing speed, poor
surface quality and low z-axis resolution.”® Furthermore, FDM 3D printers
equipped with multiple printheads can fabricate multiple-drug containing

devices. 32
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Figure 1.14. Schematic of a fused filament modelling (FDM) 3D printer.

As mentioned earlier, the printing materials of FDM are supplied in the form of
filaments.'®® These materials are required to have high thermoplasticity whereas
the majority of pharmaceutical grade polymers are not thermoplastic.’’
Therefore, acrylonitrile butadiene styrene (ABS) became the commercially
available filament at the very beginning. Then other feedstock materials were

applied, namely polycarbonate (PC), polyetherimide (PEIl) resin,
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polyphenylsulfone (PPSF), polyamides (Nylon), high-impact polystyrene (HIPS),
high-density polyethylene (HDPE), polymethylmethacrylate (PMMA) and poly(e-
caprolactone) (PCL)."? In the pharmaceutical field, plastics such as polylactic
acid (PLA), ethylene vinyl acetate (EVA) and polyvinyl alcohol (PVA) in the form
of filaments were also investigated for introducing APIs.'®® The 3D printed
products of thermoplastics are light and some of them show excellent mechanical
strength.”™ However, printable filaments with suitable physicochemical
properties are required for the FDM printing process.'®> Until recently, the main
challenges of FDM 3D printing are still related to the paucity of suitable filaments

composed of pharmaceutical grade ingredients.43153-155

As a common method for loading APIs in filaments, the impregnation method is
always related to low drug loading capacity with a burst release.’® As designing
and developing new biomaterials that suit the current 3D printing instruments is
one of the future trends in biomedical fields, hot melt extrusion (HME) was applied
to fabricate filaments and achieve homogeneous molecular dispersion of APIs in

the polymer matrix.'35138

1.3.2.1  Processing Parameters for Fused Deposition Modelling 3D

Printing

Table 1.5. Common defects of FDM 3D printed products and possible reasons.

Defects Reasons

banding (ripples on surface) vibration in the building platform

leaning (off-axis products) drift in the building platform

warping (product distortion) thermal expansion/contraction

stringing (wisps of filament) filament elongation during the off state of printing nozzles
collapse (loss of cavity) sagging layers or excessive mass/energy input
imperfection (ununiform scaling) poor and inconsistent flow of material

residuals (unbound parts) incomplete printing

Several defects (Table 1.5) of FDM 3D printed products are related to the
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equipment and processing parameters.'*® As a result, monitoring and controlling
for these defects during the manufacturing and packaging process is vitally
important to avoid affecting the appearance and properties of 3D printed

products.’°6

Critical processing parameters of FDM can be categorized into machine-specific,
operation-specific and material-specific parameters (Figure 1.15).%” The main
limitation of FDM 3D printing in pharmaceutical applications is the required high
temperature for the softening of polymer filaments, which may cause the
degradation of a large number of APIs and excipients.*®> As a result,
consideration should be given to selecting suitable printing temperatures (Tp) for
various polymers, otherwise, extrusion flow may not be adequate because of
inappropriate melt viscosity.*® Taking the higher T, as an example, possible

problems and reasons were listed in Table 1.6."%8

[ Critical Processing Parameters of FDM ’
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I 1
Machine-specific ‘ Operation-specific ‘ Material-specific
I I—I—I
I
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Nozzle Pressure Feeding Printing Nozzle Platform Environment Rheological Thermal
diameter drop rate speed temperature temperature conditions properties properties

Figure 1.15. Critical processing parameters of FDM 3D printing.

Table 1.6. Possible problems and reasons in FDM 3D printing because of the
higher printing temperature.

Problems Reasons

long overall cycle time longer cooling time

discoloration of extrusion Tp>Tm of the drug

thermal instability short residence time in the equipment
decomposition of drug Tp>Taq of the drug

lower dissolution rate more tortuous and less porous product

smaller median pore radius

increase of polymer-free volume
less permeable matrix network inhibits drug diffusion
better coalescence of molten polymer
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Because feed materials are required to possess rheological properties in the FDM
3D printing process, more efforts should be made to the characterization of these
parameters, including nozzle diameter, pressure drop, feeding rate, and thermal
properties of feed materials.'3' Apart from these parameters, nozzle temperature,
printing speed, platform temperature should be optimized according to the
specific feed material.’>' The shape and geometry of the printed dosage forms
also influence the drug release rate.’*® By modulating the dimensions and infill
pattern/percentage, drug release dosage can be customized.'*! Furthermore, the
surrounding environmental conditions (convection conditions and envelope
temperature) can influence the cooling profile of the deposited products
significantly and therefore determine the bond formation and strength of the
fabricated structure.’®' Therefore, it is necessary to find a balance among all
these parameters due to narrow processing windows for most FDM

instruments. 136

1.3.2.2 Hot Melt Extrusion

In pharmaceutical applications, extrusion is defined as a process for preparing
solid dispersions or solutions of uniform shape and density through a die or an
orifice under controlled conditions.'8"5° The main aim of this technology is to
improve the bioavailability of poorly soluble drugs or to fabricate controlled
release dosage forms because drug particles can be embedded in polymers
homogeneously.'*® The screw extruders are the most commonly used category
of extrusion equipment in the pharmaceutical industry.’*® Melt processing
provides an approach to produce materials with high reproducibility and
homogeneous distribution of drugs within the polymeric matrix because the

polymer was melted instead of being solubilized in a solvent.'®°

Most available therapeutic agents are in a crystalline state, which is defined as a

regularly sequenced lattice structure.’® However, the application of crystalline
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products is mainly limited by poor dissolution properties. The definition of solid
dispersion is the APl incorporated into an inert carrier being dispersed in the solid-
state evenly.'®" Preparing amorphous solid dispersions from the crystalline state
of the API has the potential to provide controlled, instant, delayed, sustained and
targeted drug release with increased bioavailability.#214¢.162 HME was first used
in the plastic and rubber industry in 1930, then has been promoted in
pharmaceutical research since the 1970s as a preparation method for various
dosage forms.'4%1%8.163 |n recent years, it has been demonstrated that the HME
process represents a feasible way to fabricate various acceptable DDSs, such as
granules, pellets, implants, amorphous solid dispersion, transdermal patches and
transmucosal films.'%4-%6 This technique can realize the combination of melting
and mixing of materials through the rotation of screws in the heated barrel."®’
Since the development of pharmaceutical FDM 3D printing technique is mainly
limited by available thermoplastics, thus impregnation and HME are regarded as
the dominant methods to fabricate drug-loaded filaments.’3%'4C However, the
drug loading capacity of polymer filaments is low through the
impregnation/incubation in organic solvents by passive diffusion (soaking).'®®
Many problems are related to this method using organic solvents, including
solvent emission, the residual solvent in final products, lower drug stability, long
processing time and drying time.'®® Consequently, the combination of HME and
FDM 3DP was developed to increase the range of materials that could be
processable with FDM, this approach has the potential to produce more
homogeneous filaments with higher drug loading capacity.'#315% The rotation of
screws inside the heated extruder can accelerate the spread and dispersion of

APIs in the matrix.'6°

The possible mechanism of the filament fabrication using a typical twin-screw
extruder was illustrated in Figure 1.16.7° HME is a continuous and solvent-free
process of forcing the raw materials to be blended in rotating screws at increased

temperatures until being extruded through a die, resulting in a filament of uniform
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characteristics.’%"7" At the end of the extruder, a rotating device coupled with a
spool could be used to collect extruded filaments.'*® The rotating speed of the
spool could be adjusted to obtain the desired diameter of flaments according to
the stretching force if necessary.'#° The other aims of using HME is to increase
the dissolution rate of insoluble drugs, generate a homogeneous blend, mask the
bitter taste of the APl and develop modified-release DDSs with delayed or
sustained drug delivery profiles.'#%56 Also, the advantages of HME include
simple operating process, ability to scale up, no need of solvents, low cost,

environmentally friendly process and the potential of continuous processing. %6172
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Figure 1.16. Schematic illustration of the filament fabrication using a twin-screw
extruder.

Pharmaceutical polymers have been widely applied in HME formulations, such
as synthetic cellulose derivatives, methacrylate polymers, polyvinyl pyrrolidone
(PVP), polyethylene oxide (PEQ) and pyrrolidone-co-vinyl acetate.’®> Because of
the high processing temperature during the HME, the active molecules and
additives may experience thermal degradation.'®® This leads to a limitation for
using thermal sensitive drugs and excipients in the HME process.'®> Moreover,
most hot melt extrudable pharmaceutical grade polymers are not suitable for FDM
3D printing in good quality because of deficient properties.’>” To clarify, more than

3000 materials are suitable for HME-based processes whereas only 30 materials
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are available commercially for the FDM process.'”® Melt-blending can provide a
cost-effective, convenient and mature solution by combining two or more different
polymers with various properties into a single matrix material.’”® As a result, the
final dosage form can be designed and fabricated with suitably flexible properties

to overcome the material shortcomings of polymers for the following FDM process.

1.3.2.3 Processing Parameters for Hot Melt Extrusion

Various processing parameters have a great effect on the filament preparation of
HME. These parameters can be classified as formulation-specific, equipment-
specific, environment-specific and operation process-specific parameters (Figure
1.17).163770 These parameters should be optimized according to specific
conditions, like the component weight fraction. For example, the higher content
of the polymer matrix results in the induction of lower shear stress during the

extrusion process and lower torque in the extruder.’’©

* APls
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« Polymers

« die design
* barrel design
screw configuration

.- T,
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- feed rate
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Figure 1.17. Matrix diagram of the critical processing parameters in hot melt
extrusion.

It is believed that the selection of barrel temperature during the extrusion process

has a critical effect on the viscosity of the molten mixture, the residence time in
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the barrel and the physicochemical properties of the extrudates.’’® Therefore, the
extrusion temperature should be set above the glass transition temperature (Tyg)
and the melting temperature (Tm), but below the degradation temperature (Tq) of
raw materials at the same time."’° If the extrusion temperature is too low, the
viscosity of the melted materials is not low enough, the torque of the extruder will
increase and the mixing ability will be weakened.'’® Therefore, the lower
extrusion temperature may lead to the roughness imperfection on the surfaces of
the filaments."”* The selection of the suitable extruder type is important for
increasing the efficiency of the process.'’ Most screws are made from surface-
coated stainless steel for reducing friction and chemical reactions.’>® Twin-screw
extruders present advantages over single-screw extruders for easier material
feeding, high kneading and dispersing capability, shorter residence time, lower
risk of overheating, better blending properties, higher flexibility and process
productivity for pharmaceutical components.’°%° A twin-screw extruder consists
of two co-/counter rotating screws in a single barrel.’®” The fully-intermeshing
twin-screw extruders are superior to non-intermeshing extruders as they can
reduce the non-motion and prevent the localized overheating of materials.’>®
Therefore, the fully-intermeshing co-rotating twin-screw extruders can provide an
efficient approach to produce a homogeneous blend with finely distributed
APIs.’® To increase the mixing efficiency, an optimized screw configuration
should be designed by using various screw elements, including conveying
elements (Figure 1.18A), distributive mixing elements (Figure 1.18B), dispersive
mixing elements (Figure 1.18C) and discharge elements (Figure 1.18D)."6%175
Distributive mixing includes melt division and recombination, whereas dispersive
mixing includes shear and elongation mixing."° The screw design of the extruder
could be described by two geometrical parameters, the diameter of the screw (D)
and the ratio of the screw length to its diameter (L/D)."”° The decrease of the
barrel filling volume and the increase of feeding rate or the screw rotation speed
can both result in a decrease in the extrusion duration (residence time) of

materials.’’? It is noteworthy that higher screw speed may lead to the degradation
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or amorphization of the materials, whereas the lower screw speed is related to
the formation of cocrystals.’’° Due to the increase of torque and pressure in the
extruder die, the increase of feed rate may result in the blockage in the extruder
and the failure of the extrusion process.'’® The increase of the screw diameter
and barrel size can achieve continuous operation successfully.'®> Polymeric
matrixes show a high tendency to absorb water according to the hygroscopic
nature of the formulation.’® The moisture absorption of filaments will lead to
increased flexibility and subsequent squeezing problems by feed gears of FDM
3D printers.'® Therefore, the products should be prepared and stored

appropriately to prevent mass changes related to humidity and temperature.

Figure 1.18. Photographs of four types of twin-screw elements: (A) conveying
configuration, (B) distributive mixing configuration, (C) dispersive mixing
configuration, and (D) discharge configuration.’”®

1.3.2.4 Suitable Polymeric Materials

Based on these premises, the fundamental steps of fabricating DDSs through
continuous HME-FDM 3D printing are illustrated in (Figure 1.19)."#? As limited
suitable feedstock materials are the main challenge for manufacturing controlled
release dosage forms through FDM 3D printing, selecting suitable materials is an
inevitable step for designing a pharmaceutical dosage form."73.74 A pre-step (like

milling or sieving) is necessary to ensure the form of polymers is compatible with



58

the API and to achieve homogeneous drug distribution in extruded filaments. 4
The functional excipients can be widely categorized into matrix carriers, release
modifying agents, fillers, thermal lubricants, plasticizers, stabilizing agents and
antioxidants.’®° The selection of appropriate excipients with specific properties in
traditional dosage forms share similar results with hot melt extrudates and
subsequently 3D printed products.’® The matrix material plays important roles in
storing loaded drugs before being released, determining the drug release rate of
dosage forms, and providing adequate mechanical properties. It is vitally
important to carefully consider the suitable carrier for the HME-FDM process
according to the drug-polymer miscibility, polymer solubility, and the desired
function of the final dosage forms.'®® Hence, the physical properties and bulk
properties of the material will influence the dissolution behavior and the
processability respectively.'”® It is noteworthy that the selection of the suitable
drug/polymer ratio is important because of the crystallinity of most API and the
amorphous nature of polymers. Filaments loaded with a higher concentration of
API can result in less risk of die swelling than pure polymeric filaments because
the ordered crystal lattice occupies less molar volume than the randomly

structured amorphous structure.’#°

HME-FDM 3D Printing Process

1. Dosage form design and conversion to STL file format

2. Formulation design and raw materials preparation

3. Preparation and cooling of hot melt extruded filaments

4. 3D printing process using filaments

5. Post-processing

Figure 1.19. Process diagram of the HME-FDM 3D printing process.
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Polymers are commonly used materials in API-matrix formulations for preparing
high energy solid states, including amorphous solid dispersions.'”® Nowadays,
polymers have been regarded as the most used materials for 3D printing
technologies.'?® Although the pharmaceutical polymers suitable for HME are
already limited, FDM is more strict in melt rheology and mechanical properties of
materials than HME."®* For example, these filaments will crumble once in contact
with the feed gears.’*® Hot melt extruded filaments based on insoluble, soluble,
enteric and swellable polymers have been successfully applied to fabricate DDSs
through FDM (Figure 1.20).">3 Controlled drug release of 3D printed dosage
forms can be achieved by adjusting the composition of the carrier polymers and
combining these polymers of various categories.’*® An important challenge of
FDM 3D printing is the incomplete drug release of 3D printed products due to the
restricted drug diffusion rate from their compactness and high density.'’* Erosive
or swellable polymers could be applied to increase the drug release rate through
gradual disintegration.’”# Most thermoplastic polymers have been proved to be
suitable for FDM because of their good thermal stability and melt viscosity at their
specific printing temperature range.’*’ The FDM processable polymeric
substrates mainly include cellulosic, polymethacrylate, polyurethane, polyvinyl
caprolactam derivates.’*® In some cases, plasticizers (low molecular weight
compounds) are required for the HME process of most pharmaceutical polymers
to increase their elasticity and flexibility because of their ability to reduce the
interaction between molecules and increase molecular mobility. #8172 In addition,
plasticizers could be used to lower the processing temperature.’*® Consequently,
plasticizers show great potential in lowing the risk for the degradation of

thermolabile APls."%°
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Figure 1.20. Commonly used polymeric carriers in the pharmaceutical HME-FDM
process.

Many technological difficulties will appear during the development of new
polymeric blends through FDM, so the structure and physical (thermal,
mechanical and rheological) properties of these filaments should be carefully
evaluated and optimized to ensure that the physicochemical integrity of the API

was not affected during the HME-FDM process (Figure 1.21).748
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Figure 1.21. Significant properties of hot melt extruded filaments for the FDM 3D
printing process.

The diameter of extruded filaments has a critical effect on their printability during
the FDM printing process.'’* The die swelling (swelling of filaments once leaving
the die) should be avoided to allow good feeding performance.’® A smooth
surface of filaments is necessary for adequate feeding in the FDM 3D printer, so

the surface morphology should be evaluated.' In order to achieve a continuous
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and high-quality FDM printing operation, the filaments are required to possess
good mechanical properties to be feedable through the tensile and compressive
force between feed gears of the printer and suitable melt flow properties to be
printable in the heating zone of the printer nozzle.'>” Excellent thermal properties
are required for the FDM 3D printing of drug-loaded filaments to achieve good
printing quality because the filaments will withstand high temperature in the
heater and nozzle."® Flexibility and elasticity are important parameters of the
mechanical properties of filaments.'*' In other words, these two parameters can
determine the FDM printability of extruded filaments. Stiff filaments can
experience more force during feeding and less risk for bending or slipping.'4®
Optimum flexibility means that filaments can deform but not break when an
external force is applied.'*" Filaments with suitable elasticity can help to attain
uniform printing with a lower risk of nozzle blockage and surface imperfections.'*
Suitable melt flow properties of filaments are required to form an adequate
pressure drop for preventing clogging in the nozzle.’® The viscosity and
molecular weight of polymer both have a significant effect on the flow behavior of

filaments.'#°

In conclusion, the development of suitable polymeric materials for fabricating
implants through the HME-FDM process is complex. A comprehensive
characterization should be carried out for hot melt extruded filaments and 3D

printed dosage forms.

1.4 Aims and Objectives

In this project, the main aim is to develop a portable and integrated device that is
suitable for the length scales relevant to human applications under externally
applied magnetic fields. The novel hypothesis of the drug release mechanism
from the DDS through the application of different magnetic fields and from

different directions can be tested by in vitro dissolution studies. The composition
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of the DDS, including anticancer drug solution, magnetic sponges and anti-
inflammatory drug loaded capsule shell, can be fabricated, characterized and

optimized.

Objective 1: investigate the development of magnetic field triggerable drug
delivery systems and explore suitable pharmaceutical polymers to be used in
fused deposition modelling three-dimensional (3D) printer in combination with the

hot melt extrusion process.

Objective 2: design an implantable magnetic field triggerable drug delivery
system which is simple, effective, feasible and reliable without the requirement of

professional training for doctors.

Objective 3: fabricate, characterize and optimize magnetic PDMS sponges by
adjusting the sugar mold, magnetic particles content, weight ratios of PDMS

prepolymer and curing agents.

Objective 4: prepare and compare various 5-fluorouracil solutions through
manually coating these drug solutions onto the surface of PB 3D printed tablets

and analyzed the drug release properties.

Objective 5: develop ibuprofen loaded filaments using various release modifiers
through HME and FDM 3D printing, then analyze their solid-states, mechanical
properties, dissolution behaviors in order to achieve the zero-order drug release

for the 3D printed reservoir.
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2.Chapter 2: Materials and
Methodologies

2.1 Introduction

In order to develop a novel magnetic field triggerable DDS for local cancer therapy,
this project has mainly been divided into four parts. The first part is the preparation,
characterization and optimization of magnetic-field-sensitive
polydimethylsiloxane (PDMS) sponges for localized drug delivery. The second
part is the preparation of suitable 5-fluorouracil (FLU) solutions to be loaded in
the magnetic PDMS sponges. The third part is the investigation and optimization
of the release mechanism for the DDS composed of a 3D printed reservoir and
FLU solution loaded magnetic PDMS sponges. The fourth part is the fabrication
and characterization of ibuprofen (IBP) loaded ethyl cellulose filaments and 3D
printed tablets for developing suitable materials in the 3D printed reservoir. In this
chapter, a comprehensive description of materials and methodologies was made

based on the four parts described above.

2.2 Materials

The model drugs, 5-fluorouracil (FLU) with purity > 98% and ibuprofen (IBP), were
purchased from Hangzhou Longshine Bio-tech Co., Ltd. (Hangzhou, China) and
Spectrum Chemical Manufacturing Corp. (New Brunswick, NJ, USA) respectively.
A SYLGARD® 184 silicone elastomer prepolymer (Sylgard 184A, Mw = 22 000
g-mol") and the thermal curing agent (Sylgard 184B, Mw = 15 000 g-mol-') were
purchased from Dow Corning Ltd. (Barry, UK). Carbonyl iron (Cl) powder (purity
2 97%) and Fe304 powder (< 5 ym) with a purity of 95% were purchased from
Sigma-Aldrich (Darmstadt, Germany). White granulated sugar and demerara
sugar were purchased from Sainsbury’s Supermarkets Ltd. (London, UK) and
Co-operative Group Ltd. (Manchester, UK), respectively. The CaSO4 powder of
the PB 3D printer was obtained from EMCO Education Ltd. (Portsmouth, UK).
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The PLA filament (FilaPrint® premium PLA, 1.75 mm) was purchased from 3D
FilaPrint Ltd. (Essex, UK). Ethyl cellulose (EC, Ethocel® Standard 4/10/45
premium) and hydroxypropyl methylcellulose (HPMC) Methocel® K4M Premium
CR were kindly donated by Colorcon Ltd. (Dartford, UK). HPMC Methocel® E10M
Premium CR was obtained from Dow Chemical Company (Michigan, USA).
HPMC Benecel™ K100M PHARM XR was donated by Ashland Industries Europe
GmbH (Schaffhausen, Switzerland). Poly(vinyl alcohol) (PVA) with an average
molecular weight of 22,000 was purchased from Acros Organics (Geel, Belgium).
Soluplus® (SOL), Kollidon® 17 PF, 30 and vinyl acetate 64 (VA64) were obtained
from BASF (Ludwigshafen, Germany). Polyethylene glycol (PEG) 6000 was
procured from Alfa Aesar (Lancashire, UK). Eudragit® RL PO and RS PO powder
were obtained from Evonik Industries AG (Darmstadt, Germany). Triethyl citrate
(TEC) was purchased from Thermo Fisher Scientific Inc. (Geel, Belgium).
Absolute ethanol (= 99.8%) was purchased from Sigma-Aldrich Co. Ltd. (Dorset,
UK). Transcutol HP was kindly donated by Gattefosse SAS (Saint-Priest, France).

All chemicals used were of analytical or food grade and used as received.

The chemical structure of raw materials is shown in Figure 2.1.
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Figure 2.1. Chemical structure of (A) ibuprofen, (B) 5-fluorouracil, (C) carbonyl
iron, (D) FesO4 and (E) PDMS.
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2.3 Development of Magnetic Drug Delivery Systems

2.3.1 Preparation of Magnetic PDMS Sponges

About 15 g sugar was fully mixed with around 0.5 mL water with a spatula and
then was pressed firmly in a Petri dish (diameter = 5 cm) to form a flat surface.
To obtain a mold of connected sugar particles, the Petri dish with sugar was
placed in a convection oven (Memmert, UF110, Schwabach, Germany) at 50°C

for around 1 h to achieve fusion of sugar.'2617

SYLGARD®184 based PDMS sponges were prepared by polymerization of the
blend of the prepolymer and the thermal curing agent (with the weight ratio of
10:1).778 The ferromagnetic particles (Cl and Fe3O4) were then loaded in the well-
mixed PDMS at 0%, 30%, 50%, 100% and 150% (w/w) of the weight of the PDMS

in the formulation (Table 2.1).

Table 2.1. Different kinds of PDMS sponge samples prepared with granulated
sugar

Composition Concentration of magnetic particles (%)
Pure PDMS sponge 0
CI/PDMS=30 wt% sponge 23.08
CI/PDMS=50 wt% sponge 33.33
CI/PDMS=100 wt% sponge 50.00
CI/PDMS=150 wt% sponge 60.00
Fes04/PDMS=30 wt% sponge 23.08
Fes04/PDMS=50 wt% sponge 33.33

The blend of PDMS (prepolymer and the curing agent) and magnetic
microparticles were vortexed and sonicated for 10 min respectively to achieve
homogeneous dispersion because the strong polarity and high density make
these magnetic particles difficult to be well dispersed in common solvents.’”® After

that, the well-mixed blend was poured onto the dried sugar mold and then
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infiltrated into the sugar template because of capillary force.’?3'8° The Petri dish
was placed in the oven again at 70°C for 3 h for the curing process. Finally, the
cured blend was immersed in water to dissolve the sugar completely with an
ultrasonic cleaning bath (Fisherbrand FB15050, Leicestershire, UK) at 50°C. The
obtained sponges containing magnetic particles were removed from the
ultrasonic bath and dried in the oven at 60°C for 1 h. After the complete removal
of sugar templates, 3D interconnected macroporous PDMS sponges were

formed.

2.3.2 Characterization of Magnetic PDMS Sponges

2.3.2.1 Physical Appearance

A Celestron 44347 TetraView LCD digital microscope (Celestron LLC, Torrance,
CA, USA) was used to check the uniformity of sugar particles for sponge molds.
The formed sponges were physically evaluated concerning color, transparency,
brittleness, and integrity. A ROTEK digital microscope (Shenzhen, China) was

employed to obtain the surface image of the fabricated sponges.

2.3.2.2 Porosity (Absorbency) Measurement

During the leaching process, the porous structure is generated by dissolving
sugar in the sponge, which makes the drug delivery system more porous. Hence,
the total pore volume of sponges could be used for the mathematical calculation
of the porosity value.'®' Dried sponge cubes (1x1x0.5 cm, length x width x height)
were weighed (mg) and placed in distilled water at room temperature. Then the
sponge cubes were compressed gently to let air bubbles come out, so the
sponges were filled with water after the removal of the force from the sponge.
Finally, the sponges were taken out of the water after water absorption equilibrium
and were weighed again (m) to calculate the volume of absorbed water in the
sponge cubes (V,,). The water absorbency (N,,) of the sample was calculated by

Eq. 2."° The porosity of the sponge was eventually determined by both the
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volume of the sponge cube (V;) and the volume of absorbed water as
V,/Vs X 100% in Eq. 3. The bulk density (p) of the sponge was calculated with Eq.
4. Because the structure of the sugar template has a significant effect on the
porosity of the PDMS sponge, three separate samples (different fabricated molds)
were used to attain the average value of each kind of sponge.’®? All experiments

were conducted at room temperature.

m-—mg

Ny = 7= % 100% Eq. 2
. _ V_W . Mmy _ m-—mg
porosity(%) = ke 100% = PR 100% = Toemi. < 100% Eq. 3
mg mg
p v 05cm3 Eq. 4

2.3.2.3 Measurement of Sponge Deformation under A Magnetic Field

Magnetic PDMS sponge cylinders (diameter x thickness = 12 mm x 7 mm) with
various contents of magnetic particles were placed on a microscope glass slide
(thickness = 1 mm). Magnet D (Table 2.2) was placed underneath the sponge
cylinder (attached to a glass slide) to provide a magnetic field strength (magnetic
flux density) of 355 mT for compressing these sponge cylinders. Then the
displacement of the front surface of each sponge cylinder in three different
locations under different magnetic flux densities and the average deformation
were recorded. Three separate sponge samples from independently fabricated

sugar molds were applied for the deformation measurements (n = 3).

Table 2.2. Dimensions of neodymium grade N42 magnets used in the current

studies to provide different magnetic flux densities with a distance of 5 mm

Magnets A B C D
diameter (mm) 195 195 215 195
thickness (mm) 2.5 4.5 5.5 9.5

magnetic field (mT) 110 150 204 355

A noncontact rig for characterizing the compression of magnetic sponges was

designed. This method is based on a bright-field microscopy (BFM) metrology
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system (Figure 2.2) consisting of an Olympus PLN4X (working distance of 18.5
mm, a numerical aperture of 0.1, Olympus Corporation, Tokyo, Japan), a tube
lens with a focal length of 180 mm, and an Imaging Source DMK31BF03 CCD
camera (The Imaging Source Europe GmbH, Bremen, Germany) mounted on top

of a custom-made linear stage having a coarse resolution of around 3.3 um.
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Figure 2.2. Bright-field microscopy metrology system.

As the sponges are made of PDMS and ferromagnetic particles, the illumination
source was placed parallel to the measurement device, i.e., facing toward the
surface of the sample. The sponges under test were fixed on microscope slides
and positioned at the focal point of the metrology system. The measurements
were performed by applying different magnetic field strengths using custom-

designed neodymium grade N42 magnets (Table 2.2).

By placing the magnets in contact with the back of the microscope slide, visible
deformation was observed. This was measured by employing the bright-field
measurement device without making contact with the actual sponge (i.e.,
opposed to contacting methods based on the use of a calliper) to determine the

average deformation of the sponge at different magnetic field strengths.

By focusing the microscope on the magnetic sponge surface, the reference

position was recorded. Then, placing the magnet near the magnetic sponge, a
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deformation was produced, taking the sample out of the focal plane. By
refocusing the measuring device and recording the linear stage digital readout,

the deformation was accurately measured.

2.3.2.4 Dielectric Constant (Relative Permittivity) Measurement
The dielectric constant (relative permittivity) is measured with an LCR meter
(4274A multifrequency LCR meter 100 Hz to 100 kHz, HP/Agilent, Japan) and a
parallel plate capacitor (dielectric loss test Jig TJ155B/1, Marconi Instruments
Ltd., UK) with two disks (25.4 mm in diameter). The sponge sample was
sandwiched between the two plates, so the capacitance (C) was measured out
on the screen. As the area of parallel plates (4) is 5.07x10* m?, the separation
(d) is the thickness of the sponge sample, the permittivity of space (gy) is
8.854x1012 F/m, the relative permittivity of the dielectric material between the
plates (k or g,) could be calculated with Eq. 5.
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Eq. 5

2.3.3 Optimization of Magnetic PDMS Sponges

According to Choi et al., the less uniform the sugar particles are, the higher the
porosity of the PDMS sponge can be achieved.'?>> PDMS sponges replicated with
different sugar templates were fabricated and characterized for comparison.
Besides, sponges prepared with different weight ratios of the prepolymer and the

curing agent of PDMS were prepared and analyzed.

2.3.3.1 Particle Size Analysis

Data were collected over selected Scanning Electron Microscopy (SEM) images
of sugar samples in Section 2.5.4. The average particle size of each kind of sugar
magnetic particles and were calculated from 100 random individual
measurements through Imaged software (National Institutes of Health, USA)

respectively. Particle size distribution graphs were plotted and analyzed using
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OriginPro 8.5.

2.3.3.2 PDMS Sponges Prepared with Different Sugar Molds

The demerara sugar and the mixture of granulated and demerara sugar (in a
weight ratio of 1:1) were employed as templates for the preparation of PDMS
sponges. All other conditions of the fabrication process were the same as in

Section 2.3.1.

2.3.3.3 PDMS Sponge Formulation Optimization

To explore the differences among sponges prepared with different
prepolymer/curing agent weight ratios, PDMS prepolymer and curing agents
were blended by weight ratios of 15:1, 20:1, 25:1 and 30:1, and followed by the

same process of Cl particles addition.

2.3.3.4 Recyclability

The measurement of repeated absorption and desorption on water absorbency
of sponges is applied for the evaluation of their reusability. To achieve absorption
equilibrium, the sponge cylinder samples (diameter x thickness =12 mm x 7 mm)
was immersed in water at room temperature and was compressed gently until no
air bubbles came out. Then the absorbency value was calculated by weighing the
sponge samples with absorbed water. The samples were squeezed and dried in
an oven at 60 °C until the weight was stable. The absorption—desorption
procedure was repeated 10 times to check if the absorbency property of the

sponge remained intact.

2.3.4 Assemble and Drug Loading of the Device

2.3.4.1 Preparation of Drug Solution
The model drug in this study, 5-fluorouracil (FLU), is sparingly soluble in water

and slightly soluble in ethanol, so it is necessary to design how to increase the
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dose of FLU loaded into the device.'®® However, the solubility of 5-fluorouracil
can be affected significantly by temperature as it can increase more than 12-fold
by enhancing the temperature between 25 and 200°C under the constant
pressure of 5.1 MPa.'® Additionally, Singh et al. point out that 5-fluorouracil has
good thermal stability when the temperature is less than 278°C."8° Therefore, the
temperature of the solution was increased in the preparing process. 250 mg FLU
was precisely weighed and dissolved in a 10 mL volumetric flask with deionized

water under magnetic stirring at 70°C until complete dissolution.

2.3.4.2 Device Integration and Assembly

The sponge cylinders which can fit the shape of the hollow space of the reservoir
bottom were cut and then immersed into the drug solution. After the sponge
cylinder absorbed enough drug solution, it was taken out and placed into the

bottom hollow. Then the two parts of the reservoir were closed tightly.

2.3.4.3 Drug Loading of the Device
By comparing the weight change of the device before and after the drug loading
process, the amount of drug loaded into the device could be calculated every time

afterwards because the weight ratio of the drug to the solution was constant.

2.4 3D Printing Process
241 PB 3D Printing of Tablets and Anti-cancer Drug Coating

2.41.1 Powder-based 3D Printing of Tablets

The tablets with diameters of 10 mm and 13 mm were printed using a ZCorp
printer (Z-Corporation, Rock Hill, SC, USA) with a print layer thickness of ~100
pm. The tablet matrix was composed of a CaSO4 based powder, which was a
mixture of CaSOa4 (< 90%) and vinyl polymer (< 20%) with carbohydrate (< 10%),
whereas the liquid binding solution was an aqueous solution containing 2-

pyrrolidinone, whose viscosity is similar to water. The printing process only took
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< 5 min for one tablet. The printing parameters such as binder volume, jet-
dispensing speed, and drops fired were optimized and recorded throughout the
printing process. The print head operated at a maximum temperature of 50 °C
with a maximum current of 1.7 A and a firing voltage of 0.5 V, which was found to
be optimal for the successful and smooth printing of the tablets. An AutoCAD
design of the tablets was made using Solidworks (2017 SP5, Waltham, MA, USA)
and transferred to the computer connected with the printer in stereolithography
(.stl) file format prior to the actual printing process. After the printing process was
finished, all tablets were subject to quick drying in the build box before being
removed from the powder bed. This drying process was conducted to ensure that
the printed tablets were robust enough to withstand the handling process and that
any redundant powders were removed easily after the cycle. Since this study
aimed to prove the concept of PB 3D printing for the fabrication of anti-cancer
drug loaded tablets, only the powder suitable for printing with Z-Corp was used
herein. This also eliminated any possibility for the intrusion of the performance
and/or safety of the printer. Therefore, the incorporation of the drug in the tablet

matrix was not performed at this stage.

2.4.1.2 Coating Process

As mentioned in Section 2.3.3.1, the solubility of FLU in water is very low and
could be increased significantly at higher temperatures, therefore, the
temperature was increased to 70°C to load more drug in a limited volume of water
during the FLU solution preparation.’8 The coating aqueous solutions containing
the drug FLU was prepared at the concentration of 2.5% (w/v). Either SOL alone
or in combination with PEG was used to develop the coating solution. The
composition of the polymeric solutions was adjusted at a drug: polymer(s) 1:1
(w/w) ratio. Various compositions were prepared as depicted in Table 2.3. The
coating of the 3D printed tablets was performed using the drop-on-demand
technique via utilizing a micro-pipette and depositing the solution onto the surface

of the tablet until a homogenous coating was achieved. As mentioned earlier, for
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the purpose of this proof of concept study, no additional materials except suitable
carrier powders were used in the printer. For this reason, the drug was added to
the printed tablets by the coating method. Briefly, around 0.1 and 0.2 mL of the
drug solution were dropped manually onto the surface of tablets (diameters of 10
mm and 13 mm) separately by using a 20-200 yL Research® plus pipette
(Eppendorf Ltd, Stevenage, UK). After that, the tablet samples were put into the
oven at 50 °C for 1 h. The drying process was finished until the weight of tablets

would not decrease.

Table 2.3. Drug coating solution 2.5% (w/v) compositions (weight ratio)
Excipients Solution A Solution B Solution C

5-fluorouracil 1 1 1
Soluplus 1 0.5 0
PEG 0 0.5 0

2.4.1.3 Particle Size Distribution Analysis of Printing Powder

The geometric primary particle size distribution of the printing powder was
measured with a laser light diffraction analyzer (Helos/Rodos, Sympatec GmbH,
Clausthal-Zellerfeld, Germany) equipped with the HELOS sensor and Windox
software (version 5, Sympatec, Clausthal-Zellerfeld, Germany). Detection of the
particles was carried out using the R3 and R5 lenses with the detection range of

0.5-175 ym and 0.5-875 um, respectively.

2.4.2 FDM 3D Printing of PLA Reservoirs

The model reservoir was designed using Solidworks (2017 SP5, Waltham, MA,
USA) and converted to a stereolithography (.stl) file. For the ease of printing
operation, the geometry of the 3D printed reservoirs was selected as cylinder
shape because of the large surface area in contact with the building plate.®® In
addition, the cylinder shape without sharp edges has been widely applied in
implantable DDSs in clinical uses owing to less invasive implantation and

explantation.’”” The currently optimized design was flat cylindrical with a
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smoothed edge and consisting of two parts: top and bottom (Figure 2.3A and B).
The diameter and height of the reservoir are 19mm and 7mm, respectively.

Considering the diameter of the human small intestine is smaller than around 25
mm, the diameter and height of the hollow space for sponges are 12.5 mm and
5mm, respectively.'” In addition, there is a small aperture (diameter = 1.5 mm)

at the center of the top part surface.

Figure 2.3. CAD images of (A) the bottom part and (B) the top part of the reservoir.

Printing was performed in a Robo R2 (San Diego, CA, USA) using a nozzle with
a diameter of 0.4mm for printing PLA 1.75mm 3D printer filaments. The following

settings were employed: the printing temperature (Tp) was set at 195 °C, Thpiatform
= 60 °C, infill pattern = light, layer height = 0.1 mm.

Samples prepared by FDM were photographed and were visually investigated.
The diameter and height of the 3D printed reservoirs were measured with a

vernier calliper. The radial expansion coefficient (E,.) of filaments was calculated
Eq. 6

according to Eq. 6, where Dy and D, represent the diameters of filament and

die of the printer, respectively.’*
E. (%) = % x 100%
0
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2.4.3 Preparation of Physical Mixtures and Directly Compressed Tablet

2.4.3.1 Preparation of Physical Mixtures

All materials (except PEG 6000 and TEC) were placed in a convection oven
(Memmert, UF110, Schwabach, Germany) at 50 °C for approximately 2 h before
use because the removal of residual moisture can help prevent these powders
from aggregating and sticking to the feeder surface of the hot melt extruder at
high processing temperature. Physical mixtures were prepared by dry mixing of
the composition as outlined in Table 2.4 using a mortar and pestle for 5 min. Then,
powder mixtures were further mixed with a Turbula blender (T2F, Willy A.
Bachofen AG, Muttenz, Switzerland) for 10 min. Before the extrusion process, the
blend was left overnight for better migration of the plasticizer TEC (liquid form)

into the polymer. %8

Table 2.4. Composition of the filament formulations for HME

Group Ibuprofen, EC Release modifier
number (% wiw) (% wiw) (wiw)
Gl 20 80 -
G2 20 60 20% PVA
G3 20 60 20% Soluplus
G4 20 60 20% PEG 6000
G5 20 60 20% Eudragit RSPO
G6 20 60 20% Eudragit RLPO
G7 20 60 20% HPMC K4M
G8 20 60 20% HPMC E10M
G9 20 60 20% HPMC K100M
G10 20 60 20% Kollidon VA 64
G1l1 20 60 20% Kollidon 17 PF
G12 20 60 20% Kollidon 30
G13 20 60 15% Kollidon VA 64, 5% TEC
G14 20 60 10% Kollidon VA 64, 10% Eudragit RSPO

2.4.3.2 Tablets Prepared by Direct Compression
A manual tablet compression machine (Model MTCM-I, Globe Pharma, USA)
equipped with 10 mm diameter flat-faced punches was used to prepare tablet

compacts of physical mixtures. All punches and dies were carefully cleaned
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before the compression process. For a better comparison between 3D printed
tablets and tablets prepared via direct compression, based on the weights of
prepared 3D printed tablets (Table 2.4), physical mixtures of the same weight in
each group were accurately weighed and filled into the die manually (Figure 2.4).

Tablets were compressed at 30 MPa for 3 s dwell time.

Figure 2.4. Images of the directly compressed physical mixtures tablet (left) and
the 3D printed tablet (right).

2.4.4 Hot Melt Extrusion of Ibuprofen-loaded Filaments

The powder mixtures were fed into a 10 mm twin-screw extruder L/D 20
(assembled by Point 1 Control System Ltd., Stoke-on-Trent, UK) at a screw speed
of 60 rpm. As IBP has a plasticizing effect, the glass transition temperature (Tg)
of EC and the processing temperature during HME should decrease.'®’” Hence,
the extrusion temperatures of four heating zones and the die along the extrusion
barrel were set at 80, 100, 100, 100 and 100 °C respectively. The extruded
filaments were collected with a filament winder (FilaFab™, D3D Innovations

Limited, Bristol, UK).

2.4.5 FDM 3D Printing of Tablets Using Ibuprofen-loaded Filaments
The model tablet (diameter x height = 10 x 2 mm) was designed online on
TinkerCAD  (https://www.tinkercad.com/) and then downloaded as a

stereolithographic (.stl) file format (Figure 2.5). The .stl file was then imported into



7

a MakerBot Replicator 2X 3D Printer (MakerBot Inc., Brooklyn, NY, USA), which
was equipped with two MK8 dual-head extruders (diameter = 0.4 mm). Model
tablets were printed with 100% infill density. The layer height was set at 0.2 mm.

The printing was performed at 178 °C whereas the build plate was set to 65 °C.

10.00

10.00

Figure 2.5. Designed CAD model of the tablet (diameter x height = 10 x 2 mm)
for FDM 3D Printing.

2.5 Microscopic Analysis
2.5.1 SEM Analysis of PB 3D Printed Tablets, PLA Filaments and FDM 3D

Printed PLA Reservoirs

The surface morphology was examined by Jeol JMS 820 (Freising, Munich,
Germany) at the accelerating voltage of 3 kV. The samples were mounted on an
aluminum stub using adhesive carbon tape and were sputter-coated with gold
under vacuum (Edwards S-150 sputter coater, Edwards High Vacuum Co.

International, Albany, NY, USA).

2.5.2 Confocal Microscopic Analysis of Drug-coated PB 3D Printed

Tablets
As fluorescence and UV-Vis irradiation are important photophysical properties of
FLU, the homogeneity of FLU on the surface of 3D-printed tablets was checked

with an SP8 confocal microscope (Leica, Microsystems Ltd., Milton Keynes, UK).
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Also, the 3D-printed tablet without the drug solution was analyzed for negative

control.

2.5.3 SEM and Energy-Dispersive X-ray Spectroscopy (EDS) Analysis of
PDMS Sponges

The PDMS sponge samples were mounted on 12.5 mm diameter aluminum pin
stubs (Agar Scientific, UK) using Leit-C conductive carbon cement (Agar
Scientific, UK) and sputter-coated with 4 nm of platinum using a Q150T-ES

sputter coater (Quorum Technologies, UK) to improve sample conductivity.

SEM imaging and EDS analysis were performed under high vacuum using a
Zeiss Sigma FEG-SEM (Carl Zeiss, UK) and AZtec EDS system (Oxford
Instruments, UK). The SEM working condition parameters were 20 kV
accelerating voltage, 60 ym column aperture, and 8.5 mm working distance,
using an Everhart-Thornley secondary electron detector (Carl Zeiss, UK) for
imaging. The EDS analysis used a 10-frame acquisition per map, 20 us pixel
dwell time, AZtec software signal processer time setting 5, and an X-Max 80 mm?

silicon drift detector (SDD) (Oxford Instruments, UK) for X-ray signal detection.

2.5.4 SEM Analysis of Magnetic Particles, Sugar, Filaments and FDM 3D

Printed Tablets

The SEM analysis of magnetic particles, sugar, hot melt extruded filaments and
FDM 3D printed tablets was conducted the same way as in Section 2.5.3, but
SEM working condition parameters were set to 5 kV accelerating voltage with a

30 um column aperture.

2.6 X-ray Diffraction (XRD)

XRD measurements were performed using a Siemens D500 X-ray Diffractometer

(Munich, Germany). The samples were scanned between 2 Theta (6) from 5° to
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50° at a step width of 0.01° and 1 s time count. The divergence slit was 1 mm
and the scatter slit was 0.6 mm. The X-ray wavelength was 0.154 nm in Cu source

and at a voltage of 40 kV.

2.7 Thermal Analysis

2.7.1 Thermogravimetric Analysis (TGA)

TGA was performed with a TGA Q50 (TA Instruments, Leatherhead, UK) to
measure the water content and the degradation temperature of samples. Data
were recorded and analyzed with the TA Universal Analysis software (TA

Instruments-Waters LLC, New Castle, DE, USA).

2.71.1 TGA Analysis of PDMS Sponges
Around 5 mg of each sample was placed in an open aluminum pan and then
heated from 20 °C at a heating rate of 10 °C/min up to 500 °C with 25 mL/ min

purified nitrogen purging.

2.7.1.2 TGA analysis of Extruded Filaments and FDM 3D Printed Tablets
Around 5 mg of each sample was placed in an open aluminum pan and then
heated from 25 °C to 500 °C at a heating rate of 20 °C/min under 20 mL/min

purified nitrogen gas for purging.

2.7.2 Differential scanning calorimetry (DSC)

A differential scanning calorimeter 4000 system (Perkin Elmer, Waltham, MA,
USA) was utilized to conduct a thermal analysis of all raw materials, physical
mixtures, extruded filaments, and 3D printed tablets. Samples (approximately 5
mg) were accurately weighed and placed in a 40 pL aluminum pan (Mettler Toledo
GmbH, Greifensee, Switzerland). All experiments were conducted under a
nitrogen environment (flow rate = 20 mL/min). All samples were heated from

25 °C to 200 °C at 20 °C /min. The data were collected using Pyris software
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version 5.0 (Perkin Elmer, Waltham, MA, USA).

2.8 Mechanical Characterization

2.8.1 Compression Test of Sponges

To do the compression test, all the fabricated PDMS sponges were cut into
cylinders (with 12 mm in diameter and 7 mm in height). A texture analyzer (TA.XT
Plus, Texture Technologies, Scarsdale, NY, USA) and a radiused cylinder probe
(P/0.5R) were used for measuring the elasticity modulus of all PDMS sponge
samples. The modulus of elasticity (E) of the sample was calculated with Eq. 7,
and it could be represented as the slope of the stress-strain curve in the elastic
region. The stress (o) is the pressing force that brings the deformation to the
object. The strain (¢) is defined as the ratio of the height change of the object due
to the deformation to its original height.'® These PDMS samples were
compressed with a trigger force of 0.005 kg at the test speed of 2.00 mm/sec. All

samples were run in triplicate (n = 3).

E=2 Eq.7

€

2.8.2 Mechanical Characterization of Filaments

A TA.XT plusC Texture Analyser (Stable Micro Systems Ltd., Godalming, UK)
equipped with a 50 kg load cell and tensile grips (A/TG) probe was used to
measure the tensile strength of extruded filaments which were accurately cut into
10 cm segments (diameter x length = 1.75 mm x 10 cm). The filament pieces
were fixed vertically between two screw-down grips. The original distance
between the two grips was set to 8 cm and then stretched gradually at an
elongation speed of 1 mm/s until the filament was broken (Figure 2.6). The stress
and strain values were collected through the Exponent Software version 7.0.3.0
(Stable Micro Systems Ltd., Godalming, UK). Then the elastic modulus could be
calculated according to the elastic region (linear region) in the stress-strain curve.

At least three replicates were conducted for each batch of extruded filaments.
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Figure 2.6. The rig of filaments texture analysis.

2.9 In Vitro Drug Release Studies

2.9.1 Dissolution Test of PB 3D Printed Tablets Coated with FLU

In vitro dissolution tests under sink conditions were performed with a US
Pharmacopeia (USP) type Il paddle apparatus (708-DS Dissolution Apparatus,
Agilent Technologies, Santa Clara, CA, USA) in 900 mL of phosphate-buffered
saline (PBS) (pH 6.8) at 37 + 0.3 °C with a paddle speed of 100 rpm. All samples
were run in triplicate (n = 3). The drug concentration of the dissolution medium
was measured automatically by using Cary 60 UV-Vis (Agilent Technologies) at
a wavelength of 265 nm in a 1 cm cell versus a blank solution consisting of a
phosphate buffer (pH 6.8). Then, the release profiles were plotted as a
percentage of cumulative drug release versus time. Additionally, there was no
interference from Soluplus® or PEG 6000 on drug assay observed at the
detection wavelength. The standard curve was prepared in the concentration of
0.625-20 pg/mL ( A =0.0514C + 0.002 , R?>=0.9995 ) where A is the

absorbance and C is the concentration (ug/ml) (Figure 2.7).
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Calibration Curve for 5-fluorouracil in PBS (pH 6.8)
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Figure 2.7. Calibration curve for 5-fluorouracil in PBS (pH 6.8).

The similarity factor (f;) in Eq. 8 was developed by Moore and Flanner as a
model-independent mathematical method to analyze the closeness between two
dissolution profiles.'®® where n is the number of dissolution time points, R, and
T, are the dissolution value of the reference and test sample at the time t,

respectively.

fo =50 x log {[1 + = X, (R, — T,)?] ™5 x 100} Eq. 8

The mathematical method of f, has been adopted by many guidance, like Food
and Drug Administration (FDA) and European Medicines Agency (EMA), as a
criterion for measurement of the similarity between in vitro dissolution profiles.
As the value of f, equals to 100 when the two profiles are identical and the value
is 50 when an average variation of 10% at all determined time points, a public
standard for f, value between 50 and 100 can indicate the two dissolution
profiles are similar, whereas the value of less than 50 can show the two profiles

are different.

2.9.2 Dissolution Test of Magnetic Field Triggerable Device

Similar to Section 2.9.1, in vitro dissolution tests of the FLU loaded magnetic field

triggerable device under sink conditions were performed with a US
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Pharmacopeia (USP) type I basket or type II paddle apparatus according to
different designed modes (Figure 2.8). The preliminary results showed that the
materials used in 3D printing such as PLA do not interfere with drug detection

and UV absorbance.

Figure 2.8. Various modes for comparing the drug release from the device. (A)
Mode 1: the device was laid flat on the magnet; (B) Mode 2: the device with no
magnets; (C) Mode 3: the device was placed vertically on the magnet; (D) Mode
4: the device was placed in the basket without a magnet.

To study the effect of the position of magnet versus device containing the sponge,
various modes were employed. In Mode 1 (Figure 2.8A), the device was lying on
the magnet. In Mode 2 (Figure 2.8B), there is no magnet. In Mode 3 (Figure 2.8C),
the device was standing on the magnet. In Mode 4 (Figure 2.8D), the device was

placed in the basket without a magnet.

2.9.3 Determination of Drug Content

Around 30 mg segments of hot melt extruded filaments or 3D printed tablets were
placed into a volumetric flask with 25 mL ethanol under magnetic stirring until the
segments were completely dissolved. Then the homogenous solution was filtered

through a 10 mL SOL-M™ syringe (SOL-MILLENNIUM Medical Group, Aichwald,
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Germany) and a 0.45 pm Fisherbrand™ syringe filter (Fisher Scientific
International, Inc., Guangzhou, China). The amount of IBP was determined with
a Biochrom WPA Biowave II* UV/Visible Spectrophotometer (Biochrom Ltd.,
Cambourne, UK) at an absorption wavelength of 264 nm. To calculate the
concentration of IBP in ethanol, the calibration curve (Figure 2.9) was prepared
in the range of 3.125-100 pyg/mL (4 = 0.0014C + 0.0046,R? = 0.9956) where A
represents the absorbance and the C represents the concentration (ug/mL).
There was no interference between IBP and the other materials at the wavelength.
The drug loading and dose accuracy were calculated according to Eq. 9 and Eq.

10. All measurements were conducted in triplicate (n = 3).

Amount of drug

Drug Loading = X 100% Eq. 9

Amount of drug+polymers

Calculated drug loading

Dose Accuracy = %X 100% Eq. 10

Theoretical drug loading
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Figure 2.9. Calibration curve for ibuprofen in ethanol.

2.9.4 Dissolution Test of Extruded Filaments and 3D Printed Tablets

In vitro dissolution tests of hot melt extruded filaments and 3D printed tablets
under sink conditions were performed in 900 mL of phosphate-buffered saline
(PBS) solution (pH = 7.2) at 37 £ 0.3 °C with a paddle speed of 100 rpm. All

samples were run in triplicate (n = 3). At different time intervals (0, 20, 40, 60,
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then every 60 min up to 24 h) the dissolution medium was automatically pumped
into a UV spectrophotometer. The drug concentration of the dissolution medium
was measured at a wavelength of 221 nm in a 1 cm cell versus a blank solution
consisting of PBS solution (pH = 7.2). The solubility of IBP in this medium is 4.48
+ 0.08 mg/mL at 37 °C."" The calibration curve (Figure 2.10) from 0.78125 to 25
pug/mL was prepared (A = 0.0424C + 0.0024,R* = 0.9997 ) to calculate the
concentration of IBP. Then, the release profiles were plotted as a percentage of
cumulative drug release versus time. Additionally, there is no interference from

other raw materials on the drug assay observed at the detection wavelength.

Calibration Curve for Ibuprofen in PBS (pH 7.2)
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Figure 2.10. Calibration curve for ibuprofen in PBS (pH 7.2).

An add-in program (DDSolver) in Microsoft Excel was used to evaluate the drug
release kinetics of the acquired dissolution curves by fitting the data to various
equations listed in Table 2.5."9 The zero-order drug release model where the
dissolution rate is constant is regarded as the ideal model for release data as this
type of drug release pattern can maintain the drug concentration in blood plasma
at a constant level for prolonged periods.’®®'% The first-order model (the
dissolution rate is exponential) has been used to describe drug absorption,

elimination and decomposition.'®3'%* The Higuchi model (square root time-
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dependent) mainly describes drug release as a diffusion process according to
Fick’'s law."%*1%5 The Korsmeyer-Peppas model (relating exponentially the drug
release to the elapsed time) could be used to analyze the drug release
mechanism. 8174 In the case of cylindrical tablets, the value of n could be used
as an approximation to describe the mechanism of drug release. The n < 0.45
(Fickian diffusion), 0.45 < n < 0.89 (anomalous transport) and n > 0.89 (case-
II transport).'°¢ It is noteworthy that only the portion of the dissolution curve
where F < 60% should be used to calculate the exponent n.'°¢ If the n value

of 0.45 or 0.89 is an indication of diffusion or erosion mechanism, respectively.

Two statistical criteria, the adjusted coefficient of determination (RZ,;) and the

Akaike Information Criteria (AIC) were applied to determine the most suitable

model for fitting dissolution data.’#®°® When comparing different models for a
given dissolution profile, the model with the highest value of RZ;; and the lowest

value of AIC could be regarded as the best fit among all models. 92194

Table 2.5. Kinetic release model equations in this study

Model Equation Parameters

Zero-order F=kyt ko, -- zero-order release constant
First-order F=100-(1—e*t) k, --first-order release constant
Higuchi F =ky-t% ky -- Higuchi release constant

kyp -- release constant with
structural & geometric information
n -- diffusional exponent indicating
release mechanism

Korsmeyer-Peppas F = kgp - t"

( F is the fraction or percentage of drug released in time t)

210 Cell Culture Studies

As the sponge samples are very porous, it is easy for them to absorb the drug
solution (Table 2.3) inside. Three samples of each kind of sponges (diameter x
thickness = 5 mm x 2 mm) were immersed in the FLU solution with a

concentration of 25 mg/mL or 12.5 mg/mL. After the complete absorption of the
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drug solution, the sponge samples were taken out and left at room temperature

for 3 days before sterilization.

HeLa and Trex cells both stably express green fluorescent protein (GFP)
constructs. Cell lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS), penicillin/streptomycin,
and L-glutamine at 37 °C and 5% CO..

Substrates were sterilized and transferred to 12-well plates. Cells were plated at
a density of 0.4 x 10° on day 0. On day 1, the media in wells were changed. On
day 1 or 2, substrates were transferred to new wells and the remaining cells were
trypsinized using trypsin EDTA and counted using a hemocytometer. Cells were
replated onto the substrates in fresh media. On day 4, substrates were washed
three times with PBS and transferred to new wells and fresh media. The

remaining cells were trypsinized, counted, and discarded.



88

3.Chapter 3: Preparation and Characterization
of Magnetic PDMS Sponge

3.1 Introduction

There are many approaches to fabricate porous PDMS structures, like templating
with self-assembled colloidal microspheres, emulsion polymerization, surface
treatment using a CO2-pulsed laser, phase separation, one-pot method with the
reaction of NaHCO3 and HCI, NaCl microparticles templating with dimethicone,
and suspension polymerization with gelation as the surfactant.’8%.197.19% Howeuver,
these methods are expensive, time-consuming and difficult to manipulate the
shape and size of porous structures because of sophisticated fabrication
procedures.'8%1°7 Zhao et al. pointed out that PDMS sponges must be washed
repeatedly with ethanol and dichloromethane for removing the NaCl
microparticles completely which is not the case when sugar was used.’®®
Furthermore, the porosity of sponges made from salt molds is lower because the
wall thickness of the pores increased significantly, and the compressive modulus
is higher. Additionally, it has been proved that the sponge pores of sugar molds
are more amorphous because of higher connectivity.’?° In this study, a simple,
cheap and eco-friendly sugar templating method was applied to fabricate porous

PDMS sponges using commercial household sugar.

Carbonyl iron (Cl) is a unique form of elemental iron with a small particle size and
very low toxicity (LDso: 50 g/kg).?®® As a novel food additive or iron
supplementation, Cl has therapeutic potential for iron deficiency anaemia
because of its safety and potent bioavailability.?°" In addition, the relatively high
permeability and high saturation magnetization at the microwave frequency band
make Cl have the potential to be used as an electromagnetic wave absorbing
material."’®2%? It has been proved that black iron oxide FesOs (magnetite)

particles are biocompatible, can respond quickly to an extrinsic magnetic field
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and display fast reverse behaviour once removing the magnetic field.#2203.204
Therefore, these two kinds of magnetic particles are promising candidates in
fields of biomaterials, implant technology and biosensors for biomedical

applications.

This chapter described the preparation and characterization of magnetic field
sensitive sugar-templated PDMS sponges. Different concentrations of carbonyl
iron (ClI) and magnetite Fes3Os4 nanopowders were embedded as
magnetosensitive materials in PDMS resins for the fabrication of macroporous
sponges via a sugar template process. The process is environmentally friendly
and simple. The prepared magnetic PDMS sponges were evaluated for their
morphology, the particle size of magnetic particles, solid-state, porosity
(absorbency), elastic modulus, deformation under a magnetic field and dielectric
constant. All physicochemical and magneto-mechanical analysis confirmed that
the magnetic field sensitive PDMS sponges are promising candidates as active
porous scaffolds for delivering drugs. Furthermore, the magnetic field sensitivity
of the fabricated PDMS sponges under magnetic fields can be controlled by

adjusting the concentration and the type of magnetic particles.

3.2 Methods

3.2.1 Preparation of Macroporous PDMS Sponges
Refer to Section 2.3.1.

3.2.2 Characterization of PDMS Sponge Properties

3.2.2.1 Physical Appearance
Refer to Section 2.3.2.1.

3.2.2.2 SEM and Particle Size Analysis of Magnetic Particles
Refer to Section 2.3.3.1.
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3.2.2.3 XRD
Refer to Section 2.6.

3.2.2.4 Porosity
Refer to Section 2.3.2.2.

3.2.2.5 Compression Test

Refer to Section 2.8.1.

3.2.2.6 Sponge Deformation under Magnetic Fields
Refer to Section 2.3.2.3.

3.2.2.7 Dielectric Constant (Relative Permittivity)
Refer to Section 2.3.2.4.

3.3 Results and Discussion

3.3.1 Preparation of Magnetic PDMS Sponges

Pure PDMS sponges and magnetic PDMS sponges with different concentrations
of magnetic microparticles were fabricated and sectioned into different
thicknesses by using the water-soluble sugar template. The macroporous
sponges with interconnected pores, larger pore sizes, a higher concentration of
magnetic particles and lower compressive modulus were selected as the main
scaffold in this study. The main reasons behind the selection of sponges were
that sponges with large pore sizes and high connectivity can preserve and
transport drug more efficiently, and a higher magnetic particle density can
produce a higher body force under the same magnetic field, and sponges with
lower compressive moduli have the potential to show larger deformation (leads
to a more obvious effect on the drug release) when subject to the same body

force.%*
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Highly monodisperse FeszOs4 microparticles were embedded in sponges at
predetermined concentrations (30, 50, and 100 w/w% of the PDMS). Unlike
FesO4, Cl microparticles can be used to prepare 30, 50, 100 and 150 (w/w % of
the weight of PDMS) Cl-loaded PDMS sponges which could be due to the lower
density of Cl (1.45 g/cm?3) when compared with Fe3O4 (5.2 g/cm3),204-206

3.3.2 Characterization of Magnetic PDMS Sponges

3.3.2.1 Physical Appearance of Sponges

The optical microscope image of granulated sugar particles (Figure 3.1A) reveals
that the size of granulated sugar particles used in this experiment is not so
uniform. This will help to increase the porosity of PDMS sponges because the

less uniform the sugar particles are, the higher the porosity of the sponges is.'®?

Macroporous sponges of various shapes and dimensions (Figure 3.1B) can
readily be fabricated and cut to accommodate specific requirements. Additionally,
large-scale production of PDMS sponges can be accessible through the
proposed sugar-templating process as the total processing time only lasts for a

few hours.'82

The Fe3O4 loaded PDMS sponges were black and porous. The sponges become
stiffer when the concentration of FesOs4 microparticles increases due to the
stiffness of the magnetic microparticles. The Cl loaded PDMS sponges are dark
grey and porous (Figure 3.1C). The sponges also become stiffer when the

concentration of Cl microparticles increases.

As shown in Figure 3.1D, the fabricated magnetic PDMS sponges display a rarely
observed structural flexibility in porous materials.’”> These sponges show

significant compliance and springiness for a remarkable volume reduction of
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more than 50% in manual compression. Additionally, these sponges can be bent
to a large extent without breaking apart and they are reversible to their original
shape. It is inferred that these sponges are suitable for recycling. Furthermore,
the absorbed solution in PDMS sponges can be removed and reutilized through
slightly squeezing sponges manually because of the springy nature of these

PDMS sponges.
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Figure 3.1. (A) Optical microscope image of granulated sugar particles, (
Photograph of the pure PDMS sponge cylinder, Cl loaded PDMS sponge cyllnder
and Fe304 loaded PDMS sponge cube fabricated with granulated sugar template,
(C) Macroscopic appearance of 100 w/w% CI/PDMS sponge cylinder surface, (D)
Manual compression and recovery of 100 w/w% CI/PDMS sponge cylinder.

3.3.2.2 SEM and Particle Size Analysis of Magnetic Particles

The SEM images of FesO4 and CI particles were shown in Figure 3.2. The CI
particles showed a spherical shape, whereas cubic Fe3Os particles have a
smaller particle size. As shown in the particle size frequency diagrams, the
calculated average particle sizes (B,,) of FesO4 and Cl particles are 177 and 1354
nm respectively. According to Eq. 1, the larger volume of Cl particles can lead to

a stronger magnetic force under the same magnetic field.
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Figure 3.2. SEM images and particle size frequency diagrams of (A) FezO4 and
(B) ClI particles.

3.3.2.3 XRD Analysis

XRD measurements are important to analyze the dispersion of magnetic particles
in these fabricated magnetic PDMS sponges. The XRD diffractograms (Figure
3.3) of raw materials and pure PDMS sponges showed that white granulated
sugar, FesO4 and Cl particles all have a crystalline nature because of the sharp
intense peaks throughout their diffraction patterns, whereas the XRD pattern of
pure PDMS sponges is mostly in the amorphous state as it shows a halo pattern.
The XRD patterns of Fe3O4 particles exhibit five peaks at 2 thetas of 29.4°, 34.9’,
42.6°, 56.5" and 62.1°, whereas CI particles show two peaks at 2 thetas of 44.2°
and 64.9°which are the main peaks for these two chemicals.?°’-2%° Two broad and
low-intensity peaks at around 12° and 23" from the pattern of pure PDMS sponges
confirm their amorphous nature because it has been revealed that the XRD

diffraction peak at around 24° is one of the evidence for the existence of large
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quantities of amorphous materials.?07-298
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Figure 3.3. XRD patterns of raw materials (sugar, Fe3sO4 and CI) and PDMS
sponges.

There are obvious sharp intense peaks in all diffraction patterns of FezO4/PDMS
sponges and CI/PDMS sponges so they all have a crystalline nature. The
comparisons of XRD traces (Figure 3.4) of different Fe3sOs-loaded PDMS sponges
/ Cl-loaded PDMS sponges and Fe3O4/ Cl were made to find out the relationship
between the peaks of FesOs-loaded / Cl-loaded PDMS sponges with raw
materials. Most peaks in Fes3Os-loaded / Cl-loaded PDMS sponges are
inconsistent with peaks of FeszOs4 / CIl. Consequently, a certain amount of
crystalline FesO4 / Cl can be confirmed in these Fes3Oas-loaded / Cl-loaded PDMS
sponges through these graphs. Furthermore, there is also no trace of sugars in
the formulation, which means all sugars have been washed away during the
leaching process. However, 100% Fe3Os4 / PDMS sponges seemed to have
reduced the crystallinity because the mixture of FesO4 and PDMS solution was

so sticky that Fe3O4 cannot penetrate through the sugar mold to form the sponge.
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As a result, most of Fe3O4 particles were agglomerated at the top surface of the

sugar mold in the fabricating process of 100 w/w % Fe3O4 / PDMS sponges.
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Figure 3.4. Comparison of XRD patterns of raw materials (sugar and Fe3Oa4 / Cl)
with corresponding (A) FesOas-loaded / (B) Cl-loaded PDMS sponges.

Since the specimens for XRD studies were selected from the midsection of the
mold for all formulations, this proves less penetration of FesO4 in the sponges
due to the unsatisfactory penetration of 100 w/w % Fe3O4 / PDMS through the
sugar mold. Because it has been proved that the non-uniform distribution of
magnetic particles could lead to poor magnetic and mechanical properties, this

sponge was not used in the following experiments.?'0-2"1

3.3.2.4 Porosity of Sponges

As can be seen from Table 3.1, pure PDMS sponges exhibited the highest
porosity and water absorption. However, the differences among the porosity
values of CI/PDMS sponge samples with the weight ratios of 30, 50, and 100 w/w%
of PDMS are not very remarkable (P > 0.05). The porosity of 150 w/w% CI/PDMS
sponges is the lowest. Also, the porosity values of 30 w/w% and 50 w/w%
FesO4/PDMS sponges are much lower than the same ratio of CI/PDMS sponges
respectively. The possible reason is the higher density of FesO4 when compared

with Cl. By immersing these sponges fabricated from the granulated sugar mold
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directly into water, up to 146 wt% of the original weight could be absorbed. These
PDMS sponges were immediately wetted in water, although higher absorption
was expected to achieve in long immersion time. This time-independent
absorbing property also illustrates the strong water absorption of these sponges.
Furthermore, the standard deviations of the water absorption of Fe3O4 loaded

PDMS sponges are higher than Cl loaded PDMS sponges.

Table 3.1. Calculated mean + standard deviation values of bulk density, porosity
and water absorption of different kinds of PDMS sponge samples prepared with
granulated sugar (n = 3)

Composition Bulk density Porosity (%)  Water absorption (%)
(g/cm?)

Pure PDMS sponge 0.31+0.02 64.9745.50 145.5146.15
CI/PDMS=30 wt% 0.35+0.01 63.57+2.44 128.33+£10.10
CI/PDMS=50 wt% 0.43+0.06 61.90+4.37 119.01+12.56
CI/PDMS=100 wt% 0.49+0.06 59.0412.93 102.871+5.48
CI/PDMS=150 wt% 0.56+0.02 41.01+2.16 63.10£10.30

Fes04/PDMS=30 wt%  0.46+0.12 53.96+3.36 117.18+11.85
Fe3s04/PDMS=50 wt%  0.49+0.20 49.711+1.42 83.08+14.58

According to Jurin’s Law (Eqg. 11), the height of liquid (h) in a capillary tube is
associated with the surface tension (y) of the liquid, the contact angle (0) of the
liquid, the mass density (p) and the tube radius (r).?'? Although these sponges
were all prepared with granulated sugar mold, the depth of liquid columns of the
PDMS and magnetic particles blend penetrated in sugar mold is lower because
of the higher density of the magnetic PDMS blend. The slow penetration of the
solution can completely remove the air between sugar crystals from the sugar
template compared to the fast penetration of pure PDMS. As a result, the sponges
prepared with magnetic PDMS blends show thicker walls inside the sponge. After

the leaching process, magnetic PDMS sponge can show lower porosity as the
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density of PDMS blends increases. When the concentration of magnetic particles
increases in the PDMS solution (which the density of the solution will increase
accordingly) the porosity of the sponges decreases as a result of the high density

of the solution (Table 3.1).

__2ycos©
h=200 Eq. 11

Additionally, the absorption capacity of these PDMS sponges after multiple cycles
was normalized by the initial weight gain. Complete removal of the remaining
water from PDMS sponges in an oven can ensure the PDMS sponges could be

recycled.'?®

3.3.2.5 Mechanical Testing

The inclusion of heterogeneous materials can affect the mechanical properties of
PDMS sponges, so compressive stress-strain curves were used to analyze their
moduli.?™® Figure 3.5A exhibits the measured stress-strain data of various
prepared PDMS sponge cylinders fabricated with the granulated sugar mold,
which proves that these porous materials possess a three-phase behaviour
(Figure 3.5B).%'* At the beginning of curves, the intact sponges deform linearly
with respect to the stress. Region [ was depicted as the elastic region. This
region is followed by a relative plateau (Region 1II ), in which the curves
demonstrate that these scaffolds are buckled and collapsed. With the increase of
stress (Region III), the PDMS sponges are crushed together and exhibit great
mechanical performances. During the releasing process, these curves can return
to the origin without plastic deformation. The cycled compression-relaxation test
of these sponges illustrated their excellent reversible deformation ability.'2°
Obvious hysteresis loops could be found in all stress-strain curves. The area
inside the loop represents the energy lost during the pressing-releasing cycle.
This is mainly contributed to the viscoelastic characteristics of these PDMS

sponges. It indicates that strong mechanical forces could be applied to these
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prepared PDMS sponges as they possess high deformability. As expected, pure
PDMS sponges showed the maximum strain at about 90%, which started
decreasing with the increase in the content of magnetic iron particles. This is
because of the stiffness of the crystalline particles. However, the presence of iron
particles contributed to the enhanced stress values of the sponges, where the
maximum stress of about 540 kPa was observed for Cl-loaded PDMS sponges
compared to about 460 kPa for pure PDMS sponges. Nonetheless, all developed

sponges exhibited 70% more strain values with the capacity of full deformation.
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Figure 3.5. (A) The compressive stress-strain curves of various PDMS sponge
cylinders prepared with granulated sugar molds. (B) lllustration of different
phases (the brown curve represents the pressing process with three regions and
the red curve represents the releasing process) in the stress-strain curve of 100
w/w% CI/PDMS sponge cylinders.

The measured data within the elastic region (Region [ ) are shown in the stress-
strain curves (Figure 3.6A). Based on the slope of strain versus stress (Eq. 7),
the elastic modulus of these sponge samples can be calculated. The measured
elastic modulus of prepared PDMS sponges is between 20 and 90 kPa (Figure
3.6B), which is significantly lower than that of rubber (10485.76~104857.6 kPa)
and bulk PDMS materials (786.432 kPa).'?*
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Figure 3.6. (A) The compressive stress-strain curves with a maximum strain of
25% for various magnetic particles loaded PDMS sponges prepared with
granulated sugar molds, (B) Calculated compression moduli of sponges with
different concentrations of magnetic particles. The average * standard deviation
was represented by the error bars (n = 3).

As shown in Figure 3.6B, the compression modulus will increase when the
CI/PDMS w/w% ratio is increased because the interaction between the CI
particles and the polymer scaffold was strengthened.?°? The possible reason for
these enhanced moduli is the increased rigidity of the sponge samples because
of the participation of magnetic microparticles. However, the sponge samples with
lower compression modulus are more desirable because they can deflect more
under the same external magnetic field. The surface properties of embedded
particles have a crucial effect on the physicochemical interaction between the
filler materials and the polymer scaffold network, then can further influence the
mechanical properties of the composites.?%> Therefore, these PDMS sponges
with excellent mechanical properties and resilience from large deformation could
be potentially applied in drug-releasing devices and implantable biomedical

devices.

3.3.2.6 Sponge Deformation under Magnetic Field
The height of prepared sponge cylinders can decrease obviously under the
magnetic field provided by Magnet D (Table 2.2). At the same time, the volume of

the interconnected pores of sponges will be minimized. Like manual compression



100

(Figure 3.1D), all deformations due to the magnetic force would be reversible.
The deformation of these magnetic sponge samples increases linearly as a
function of magnetic field strength. Under Magnet D, the height changes of
various sponge samples were compared in Figure 3.7. When the Cl concentration
in PDMS sponges was increased, a stronger magnetic force can be applied to
the magnetic PDMS sponge in a specific magnetic field and the volume variations
subsequently would increase. It is clear from the figure that the sponge with the
lowest Cl concentration (CI/PDMS=30 w/w%) presents the least compression.
The sponge with the CI/PDMS weight ratio of 150 w/w% shows less deformation,
similarly to the 50 w/w% CI/PDMS sponge and 30 w/w% Fe304/PDMS sponge.

Sponge Cylinder Deformation under Magnet D

10 [ CI/PDMS = 30 wiw%
CI/PDMS = 50 wiw%
CI/PDMS = 100 w/w%

I C!/PDMS = 150 wiw%

I Fe,O,/PDMS = 30 wiw%

LIl . ,

Figure 3.7. Average configuration changes of sponges prepared with granulated
sugar molds under Magnet D, the average * standard error was represented by
the error bars (n = 3).

Height Compression (%)

Given its deformation of 10%, the sponge prepared with the most magnetic field
sensitive weight ratio of Cl and PDMS (100 w/w%) in the experiment was selected

for further sponge optimization study.

3.3.2.7 Dielectric Constant (Relative Permittivity) Measurement
In this study, embedded magnetic particles in polymer scaffolds can also be

regarded as conductive fillers for improving the conductivity of this material.?"
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The dielectric constant of a material is its absolute permittivity represented as a
ratio relative to the permittivity of vacuum or free space. The value could show
how easily this material can become polarized by the imposition of an electric
field on an insulator. From Figure 3.8, it is obvious that the relative permittivity
value of pure PDMS sponge is the lowest. When the concentration of magnetic
powders increases, the relative permittivity value also increases. When
compared with the relative permittivity value of water (e-(H20)= 78) at room

temperature, the relative permittivity for these sponge samples is very low.2'®
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Figure 3.8. The comparison of the relative permittivity of FesO4 loaded PDMS
sponges and Cl loaded PDMS sponges.

Through the comparison of relative permittivity values of Fe3O4 loaded and CI
loaded PDMS sponges (Figure 3.8), the PDMS sponges loaded with Fe3O4 show
higher relative permittivity when the concentrations of magnetic powders are the
same. The correlation coefficient (R?) values of the trendlines are 0.979 and 0.915,
respectively (very close to 1), so the data fit the lines well. As a result, the relative
permittivity of PDMS sponge samples loaded with different concentrations of

magnetic powders could be predictable with these equations included in Figure
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3.8. As the magnetic particles were uniformly embedded on the PDMS scaffold,

the holistic impedance matching was enhanced.'”®

When external pressure is applied, the sponge is compressed and the air holes
shrink.?’” According to Eq. 5, the capacitance (C) of the PDMS sponge will
increase primarily due to the reduction in the thickness of sponge samples (d).
Capacitance has been used as one of conversion mechanisms for transforming
external pressure signals (including stretch and compression) into electrical
signals in the applications of implantable flexible pressure sensors, such as
wearable devices, intelligent robots and electronic skin.?'42'> In recent years,
various PDMS-based porous conductive sponges were developed and these
sponges were considered as ideal scaffolds for stretchable flexible sensors and
piezoresistive sensors because of their exceptional deformability, failure strain,
synchronous reflection to stimulations, and magnetic-mechanic-electric coupling
property.?'>218 Consequently, the prepared PDMS sponges have the potential to
be applied in wireless flexible pressure sensors as a dielectric layer to overcome
the disadvantages of most flexible sensors, like weak stretchability, low gauge

factor and long hysteresis.?"’

3.4 Conclusion

Different concentrations of Cl and FesO4 particles were embedded as magneto-
sensitive materials in PDMS resins for the fabrication of macroporous sponges
via a sugar-templated process. Various PDMS sponges were successfully
fabricated with different magnetic particles and concentrations. The sugar
templating method for fabricating porous scaffolds has the advantages of low cost,
flexible formulation design, simple process, and no other materials required. The
prepared magnetic PDMS sponges were evaluated for their morphology, the
particle size of magnetic particles, solid-state, porosity (absorbency), elastic

modulus, deformation under a magnetic field and dielectric constant. The 100
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w/w% CI/PDMS sponge has been proved to be a promising candidate as
scaffolds for delivering drug solutions in the local treatment of diseases and
further applications on innovative medical devices. However, the deformation of
these sponge cylinders under the magnetic field of 355 mT is not higher than 10%.
As a result, it is necessary to optimize these magnetic PDMS sponges for
achieving higher magnetic field sensitivity and an accurate drug release rate in
DDSs. According to the preparation process of PDMS sponges, the effects of
various sugar molds and weight ratios between the prepolymer and the curing

agent of PDMS will be analyzed in the following chapter.
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4.Chapter 4: Optimization of Magnetic
PDMS Sponges

4.1 Introduction

To investigate the influence of the fabrication process on the deformation of these
PDMS sponges under varying magnetic fields, 100 w/w% CI/PDMS sponges
prepared in the same way just except different sugar moulds and/or different
weight ratios between the PDMS prepolymer and curing agents were

characterized for comparison in this chapter.

Although the PDMS prepolymer and curing agent should be blended at the weight
ratio of 10:1 according to the instruction manual provided by the manufacturer,
the PDMS substrate prepared with the weight ratio of 30:1 showed significantly
higher stretchability and lower elastic modulus.?'® Additionally, the porous PDMS
scaffold prepared with the weight ratio of 30:1 has been studied as magnetically
controllable and flexible sensors due to its excellent deformability, strain-

dependent electrical properties and magnetic controllability.?'®

Choi et al. proved that the optimization of the sugar template employed in the
formation of the PDMS sponges can increase the absorption capacity of these
sponges significantly by combining various sugar particles (i.e., granulated,
sanding, and black sugar particles) in the template.'®> The PDMS sponges
prepared with the sugar template consisted of heterogeneously mixed sugar
particles of different sizes exhibited higher absorption capacity and enhanced
porosity.’®? This inspired me to focus on the selection of sugar mold for the

magnetic PDMS sponge fabrication.

In this chapter, a novel method of measuring the deformation of prepared

magnetic PDMS sponge cylinders was developed with the manipulation of a
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bright-field microscopy metrology system. The optimized sponges were
characterized for their elastic modulus, recyclability and thermostability.
Furthermore, in vitro cell studies were conducted to illustrate the inhibition
behaviour of drug-loaded sponges on the growth of cancerous cells. The
mechanical property and magnetic field sensitivity of PDMS sponge cylinders
could be modulated by controlling the sugar mold and the weight ratio of the
PDMS prepolymer and curing agent. These results confirmed that these magnetic
PDMS sponges fabricated with a simple, economical and effective approach can
be applied as a component of smart stimuli-responsive drug delivery systems for

the localized on-demand delivery of chemotherapeutic drugs.

4.2 Methods

4.2.1 Optimization of the Sponges
Refer to Section 2.3.3.

4.2.2 SEM and EDS
Refer to Section 2.5.3.

4.2.3 Recyclability
Refer to Section 2.3.2.5.

424 TGA
Refer to Section 2.7.1.1.

4.2.5 Cell Culture Studies

Refer to Section 2.10.

4.3 Results and Discussion

4.3.1 Particle Size Analysis of Sugar

The calculated average particle sizes (B, ) of granulated sugar and demerara

sugar (Figure 4.1A-B) are 0.68 and 1.60 mm respectively. The particle size
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frequency diagrams are shown in Figure 4.1C. As a result, PDMS sponges
prepared with the demerara sugar mold may show weaker stiffness because the
interconnected pore size is much bigger when compared with sponges prepared
with granulated sugar. For increasing the porosity of sponges, the mixture of
granulated and demerara sugar could be employed as the sugar mould for

fabrication as well.
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Figure 4.1. (A) Photographs, (B) SEM images and (C) particle size frequency
diagrams of granulated sugar and demerara sugar.
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The 100 w/w% CI/PDMS sponge prepared with three different sugar templates

will be characterized for comparison.

4.3.2 Sponges Prepared with Different Sugar Molds

The stress-strain curves with a maximum strain of 25% for 100 w/w% CI/PDMS
sponge cylinders (diameter x thickness = 12 mm x 7 mm) fabricated with different
sugar moulds are shown in Figure 4.2A. The sponge cylinder fabricated with the
granulated sugar mould is more rigid and resistant to compression than the
demerara sugar mould and the mixed sugar mould, which could be explained by
the smaller interconnected pore size. Consequently, PDMS sponge cylinders
prepared with demerara sugar or mixed sugar particles will possess a looser
structure, higher porosity, less rigidity and may show more deformation under the

same magnetic field because of the less uniform sugar particle size.'2°
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Figure 4.2. (A) The compressive stress-strain curves with a maximum strain of
25% for 100 w/w% CI/PDMS sponges prepared with different sugar molds. (B)
Calculated compression moduli of sponges prepared with different sugar molds.
The average * standard deviation was represented by the error bars (n = 3).

As the 100 w/w% CI/PDMS sponge prepared with the demerara sugar mould
showed the lowest elastic modulus (38 kPa) in Figure 4.2B, it will be further

investigated in the following section.
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4.3.3 PDMS Sponge Formulation Optimization

According to Li et al., the PDMS prepared with different prepolymer and curing
agent weight ratios showed different compression modulus values.?’? 100 w/w%
CI/PDMS sponges prepared with the PDMS prepolymer and curing agents weight
ratios of 15:1, 20:1, 25:1 and 30:1 were fabricated with the demerara sugar mold
aiming to overcome the problems encountered when using the previous
prepolymer/curing agent ratio (10:1). The sponge sample prepared with the
weight ratio of 30:1 had an increased viscosity and therefore it was difficult to be
fully cured. According to Figure 4.3, the rigidity of the sponge decreases when
the prepolymer and curing agents weight ratio increases. The elastic modulus of
the 100 w/w% CI/PDMS sponges prepared with the demerara sugar mold
decreased significantly when the curing agent content decreased. The possible
reason is the low cross-linking density of the sponge with the lower ratio of curing
agents.’? However, inadequate cross-linking may cause unwanted stickiness
and relative low recoverability. Hence, the less amount of curing agents is added
into the PDMS prepolymer in the preparation process, the PDMS sponges will

show more deformation under magnetic fields.

15— Stress-Strain Curve Compression Moduli

60 4

Il weight ratio = 10:1
I weight ratio = 15:1
[ Jweight ratio = 20:1
[ weight ratio = 25:1

504

weight ratio = 10:1
weight ratio = 15:1
weight ratio = 20:1

404

weight ratio = 25:1

30+

Stress (kPa)

20 +

Compression Modulus (kPa)

H

Strain (%)
Figure 4.3. (A) The compressive stress-strain curves with a maximum strain of
25% for 100 w/w% CI/PDMS sponge cylinder prepared with the demerara sugar
mold and various weight ratios of PDMS prepolymer and curing agents. (B)
Calculated compression moduli of these sponges. The average * standard
deviation was represented by the error bars (n = 3).
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As can be observed from Figure 4.4, the 100 w/w% CI/PDMS sponge cylinder
prepared with demerara sugar and PDMS prepolymer/curing agents = 25:1 w/w
showed the maximum compression as a function of the applied magnetic field
provided by four different magnets (Magnet A, B, C and D) in Table 2.2. Generally,
decreasing the curing agent's concentration can lead to softer PDMS sponges
and consequently increases the volume change under a specific magnetic field.
The RZ? values of all trendlines are close to 1, so the data fit these lines well.
Based on the equation mentioned in Figure 4.4, the deformation of each kind of
sponge cylinder (diameter x thickness = 12 mm x 7 mm) in a given magnetic field

could be easily predicted.
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Figure 4.4. (A) Image of the original shape of the 100 w/w% CI/PDMS sponge
cylinder prepared with demerara sugar and PDMS prepolymer/curing agents =
25:1 wiw, (B) the deformed shape of sponge cylinder under Magnet D. (C) Height
compression of sponge cylinders versus different magnetic fields, the average +
standard error was represented by the error bars (n = 3).

4.3.4 SEM and EDS Analysis

From these SEM images of thin sponge slices (Figure 4.5), no obvious difference
in the morphology or distribution of magnetic particles was discovered among all
these PDMS sponges. All sponge samples possess a similar open network of
pores with a large surface area and a perfect porous structure. It indicates that
the mixture of magnetic particles and PDMS (prepolymer and curing agents) filled
the sugar mold completely and is capable of forming porous scaffolds.?'4
Interconnected pores of these sponge samples were spread evenly across the
PDMS and their pore size is around 200-500 um mainly because the same sugar
template was used. With the addition of magnetic particles, the surface of the
sponge becomes rugged. As magnetic particles were wrapped completely, the
risk of oxidation will be minimized, the stability will be enhanced and the surface
roughness will be increased.'”929221® However, the rough surface and the 3D
interconnected pores of magnetic powder loaded PDMS sponges could enhance

the hydrophobic property of the sponges.’%

In conjunction with advanced SEM, EDS has been widely applied as a chemical
microanalysis technology because of many advantages, such as high-resolution
imaging, semi-quantitative elemental analysis and qualitative X-ray elemental
maps.??0 It is difficult to fabricate sponges with both high contents of magnetic
particles and superior distribution of magnetic particles at the same time due to
the tendency for these Fe304 and Cl particles with large surface areas and high
free energy to cluster and precipitate.?'? To investigate the chemical composition
and spatial distribution of magnetic particles in sponges, EDS was also used in

this study.
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The EDS analysis of the cross-section area in these sponges showed various
distributions of elements (Figure 4.5). The pure PDMS sponges only exhibited a
large number of signals of C, O and Si as well as trace amounts of Pt because of
the sputter coating process. With the addition of CI particles in the PDMS
sponges, the signals of Fe increased, whereas the signals of Si decreased

gradually.
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Figure 4.5. SEM images of the morphology and EDS spectra in the cross-section
of (A) pure PDMS sponges, (B) 30 w/w% CI/PDMS sponges, (C) 100 w/w%
CI/PDMS sponges (D) 150 w/w% CI/PDMS sponges and (E) 30 w/w%
Fes04/PDMS sponges.

Multi-elemental EDS mapping images of C, Fe, O and Si are shown in Figure 4.6.
The bright spots of these elements in corresponding maps indicate a
homogeneous distribution of these elements in the field of view of the partial
cross-section. Furthermore, the magnetic particles showed no agglomeration and

were distributed in PDMS uniformly.

1mm 1mm 1mm

Figure 4.6. The cross-sectional (A) SEM image, (B) multi-element EDS mapping
of C, Fe, O and Si, and (C) SEM-EDS digital image of elements Fe in 100 w/w%
CI/PDMS sponges.
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4.3.5 Recyclability

After finishing all tests on the sponges, an attempt was made to test their
recyclability, which is a crucial property in actual applications.??' The most fragile
100 w/w% CI/PDMS sponge prepared with demerara sugar (PDMS
prepolymer/curing agents = 25:1 w/w) was selected as the model for the
recyclability test. The results showed that the sponge cylinder weight was
constant before absorption and after desorption of water. The sponge samples
exhibited almost no change in their absorption capacities and their weights after

10 absorbing/desorbing cycles shown in Figure 4.7.

100 -| = i =y 8 = % .
80
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40 -

Water Absorbency (%)

20+
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Figure 4.7. Demonstration of recyclability of 100 w/w% CI/PDMS sponge
cylinders (prepared with demerara sugar and PDMS prepolymer/curing agents =
25:1 wiw).

4.3.6 Thermal Characterization

The TGA analysis (Figure 4.8) of Cl particles exhibits a slight ring trend, possibly
due to oxidation of the particles caused by the impurity of the nitrogen gas.?’” The
fabricated PDMS sponges showed almost no weight loss below 100°C, which is
related to the relatively low weight ratio of absorbed moisture.?°° Their weight loss
begins from 200°C, mainly due to the onset of thermal degradation. With the

temperature increasing to 400°C, significant weight loss for these sponge
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samples (especially the pure PDMS sponge) occurred as a result of the
decomposition of methyl groups.'9822" Also, it was observed that the pure PDMS
sponge sample shows the highest weight loss, indicating the most obvious
chemical degradation. When the ferromagnetic particles (FesOs4 or ClI)
concentration of the PDMS sponge is the same, the weight loss of PDMS
sponges keeps constant. With the increase of ferromagnetic particles in the
PDMS sponge, the total weight loss will decrease. It indicates that the introduction
of magnetic particles can improve the thermostability of the PDMS matrix.2%’
Furthermore, the degradation at a processing temperature will be decreased and
the degradation rate will be slowed down owing to the interactions between the
PDMS matrix and embedded magnetic particles.?°” Karimzadeh et al. proved that
the TGA curve of bare FezO4 nanoparticles shows only 1.6% weight loss between
25°C and 200°C and no obvious weight loss from 200°C to 600°C.%?? This result
is in consistence with our hypothesis that the degradation is mainly due to PDMS
whereas bare ferromagnetic particles are thermally stable even at elevated
temperatures. Consequently, these fabricated magnetic PDMS sponges can
keep the drug thermally stable during the preparing process and under real

operating conditions.
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Figure 4.8. TGA thermal traces of Cl particles, pure fabricated PDMS sponge and
various magnetic PDMS sponge samples. (The initial weight shows 100%).

4.3.7 Cell Studies in Vitro

To explore the inhibition behaviours of different sponges, different magnetic fields
and different concentrations of FLU solution on the growth of cancerous cells,
various groups of assessments were designed (Table 4.1). By comparing the
numbers of HelLa cells in four days, the differences in the inhibition of HelLa cells

among these groups could be observed.

Table 4.1. Sponge samples loaded with different solutions and under different
magnetic fields

Group  Magnet Sponge FLU Solution
Al B X X
A2 C X X
A3 X pure PDMS X
A4 X pure PDMS 25 mg/mL
A5 B pure PDMS X
A6 B pure PDMS 25 mg/mL
A7 C pure PDMS 25 mg/mL
A8 X CI/PDMS=100 wt% X
A9 X CI/PDMS=100 wt% 25 mg/mL
A10 B CI/PDMS=100 wt% X
All C CI/PDMS=100 wt% X
Al12 B CI/PDMS=100 wt% 25 mg/mL
Al13 C CI/PDMS=100 wt% 25 mg/mL
Al4 B CI/PDMS=100 wt% 12.5 mg/mL
Al5 C CI/PDMS=100 wt% 12.5 mg/mL

Comparing Group A3 with A5, Group A1 with A2, Groups A8, A10 with A11 in
terms of the number of cells (Figure 4.9), it is obvious that a stronger magnetic
field can exhibit stronger inhibition effects on the growth of HelLa cells. Similarly,
the increase of HelLa cell numbers in groups with these PDMS sponges
(especially Cl loaded PDMS sponges) is not as obvious as the increase in groups
without sponge samples as reflected by the data of Groups A1, A5 with A10 and

Group A2 with A11. The possible reason is the volume of PDMS sponge samples
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in the well plates affect the growth of HeLa cells because the number of cells in
all these groups still showed an increasing trend. Additionally, sponge samples
loaded with FLU solution (both 12.5 and 25 mg/mL) can kill almost all HeLa cells
within 4 days (Groups A4, A6, A7, A9 and A12-15). The differences between pure
PDMS sponges (Groups A4, A6 and A7) and CI loaded PDMS sponges (Groups
A9, A12 and A13) under various magnetic fields illustrate that the main reason for
the decrease in cell numbers in Group A13 is the addition of a magnetic field
which can trigger the release of FLU solution from magnetic sponges. Also, there
is no significant difference in cell numbers between Groups A12 and A14, Groups
A13 and A15. The possible reason may be that both concentrations of FLU
solutions are high enough to inhibit the growth of the HelLa cells. Lower
concentrations will be applied in the future to test the effect of various FLU
concentrations loaded into the sponges on the growth of cancerous cells.
Additionally, drug release dynamics based on magnetic PDMS sponge types and

external magnetic fields will be further explored.
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Figure 4.9. Numbers of HeLa cells under different conditions.

4.4 Conclusion

In this chapter, the required porous scaffolds for DDSs with suitable porosity and

magnetic field sensitivity could be prepared by controlling the fabrication process.
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Besides, the study showed that these magnetic sponges can be reused as the
water absorption capacity of the prepared Cl-loaded PDMS sponge did not
change after 10 absorbing/desorbing cycles. The fabricated interconnected
microporous magnetic particles loaded PDMS sponges possess flexible
skeletons and good recyclability because of their recoverability after compression
(deformation) without any breakdown. All these promising features and simple
fabrication make the Cl-loaded PDMS sponge a superior scaffold for delivering
drug solutions in the local treatment of diseases and further applications in
innovative medical devices. All physicochemical and magneto-mechanical
analysis confirmed that the optimized magnetic field sensitive PDMS sponge can
provide an efficient method for delivering an on-demand dose of anti-cancer drug

solutions at a specific location and timing with the aid of controlled magnetic fields.
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5.Chapter 5: Comparison of 5-fluorouracil
Solutions Using Drug-coated Powder-
based 3D Printed Tablets

5.1 Introduction

In this chapter, three different 5-fluorouracil (FLU) solutions were designed and
evaluated for further drug loading process of the fabricated PDMS sponges. The
powder-based (PB) three-dimensional (3D) printing technology was applied to
produce tablets (diameters of 10 mm and 13 mm), then coated with the anticancer
model drug (FLU). For this study, a composition of the powder carrier containing
CaSO0s4 hydrates, vinyl polymer, and carbohydrate was used as the matrix former,
whereas 2-pyrrolidone with a viscosity like water was used as a binding liquid or
inkjet ink. All tablets were printed using a commercial ZCorp 3D printer with
modifications. The resultant tablets were subject to coating with various drug
solutions, including 5-fluorouracil solution and polymeric solutions containing 5-
fluorouracil. The composition of the polymeric solutions was adjusted at a drug:
polymer(s) 1:1 (w/w) ratio. Either Soluplus® (SOL) alone or in combination with
polyethylene glycol (PEG) was used to develop the FLU coating solution of 2.5%

(w/v) concentration.

5-fluorouracil has been widely applied as a first-line chemotherapeutic agent in
various cancer therapies, such as colon cancer, rectal cancer, gastric cancer,
breast cancer, bladder cancer, liver cancer, etc.'® FLU, a BCS class III drug, is
a pyrimidine-analogue drug which can inhibit the biosynthesis of
deoxyribonucleotides for DNA replication.??>?? FLU can result in apoptosis of
cancer cells because of its broad spectrum of activity against cancer.??° The main
challenges to applying FLU are the short half-life, non-selective distribution, non-
uniform oral bioavailability and toxicity.??® As a result, many side effects are

commonly observed during its clinical applications, such as mucositis, dermatitis,
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diarrhoea, gastric disturbance and myelosuppression.??® High and frequent dose
administration is a common method to achieve an effective blood drug
concentration, but side effects of FLU become severe at the same time.??%2%7
Nowadays, topical and injectable formulations of FLU are commercially available,
whereas oral formulations are not available because of serious side effects and
low bioavailability.??® Localization of FLU in the targeted tissues can reduce its

toxicity and improve its pharmacokinetic profile.?2

Therefore, FLU was selected as the model drug to prove the concept of our
printing process. This model drug is highly potent and available in low dosage.
Though FLU is fairly heat stable, the successful optimization and subsequent
development of its tablets using PB heat-less 3D printing will provide an ideal
platform to process and evaluate many other model drugs that are highly thermo-
sensitive, such as biologics or macromolecules. Optimized powder carrier
containing CaSOs hydrates were used as powder bed materials. The drug
solution compositions were optimized using hydrophilic polymer combinations.
This study proves that an optimized powder-based 3D printing approach can also
be used to develop pharmaceutical products using pharmaceutical grade
excipients by eliminating the need for thermal processing. In addition, PB 3D
printing is much easier and less time consuming than making filaments to

fabricate tablets through the FDM 3D printing technology.

5.2 Methods

5.2.1 PB 3D Printing and Characterization of Tablets
Refer to the Section 2.4.1.1.

5.2.2 Coating Process

Refer to the Section 2.4.1.2.
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5.2.3 Particle Size Distribution of Printing Powder
Refer to the Section 2.4.1.3.

5.2.4 SEM of PB 3D Printed Tablets
Refer to the Section 2.5.1.

5.2.5 Confocal Microscopic Analysis of Drug-coated PB 3D Printed

Tablets
Refer to the Section 2.5.2.

5.2.6 Dissolution Studies
Refer to the Section 2.9.1.

5.3 Results and Discussion

5.3.1 PB 3D Printed Tablets

The powder-based 3D printing platform used the maximum layer resolution in
accordance with the slicing fragments counted, which resulted in the estimated
time for the printing of the single tablet at about 5 min. This can be fairly scaled
up for pilot scale manufacturing and a commercially viable process. The jet-
dispensing rate plays a pivotal role in the texture and binding properties of the
particles with the printed 3D objects (Figure 5.1). The printing process was
optimized so that all printed tablets were almost instantly ready for further
evaluation, although an optional drying step can be introduced to produce tablets
as robust as possible to withstand the handling process. This eliminates the wait
time for the eradication of the residual solvent. The printing process utilized an
aqueous solution of 2-pyrrolidone, which is largely available in various
pharmaceutical formulations.?*° The use of this binding liquid assisted in a
smooth and faster printing process without any further post-processing steps. It

has been reported that 2-pyrrolidone is an acceptable solvent to be used in DDSs



122

for humans. It is also widely present in foodstuffs and food additives.?*°

Wered Powder Bed

3D printed tablets

DxL=13mmx5 mm

r/" :

.- f:tzc{gi.éing print, (binding
Figure 5.1. Schematic diagram of the printing process of PB 3D printing process
utilized in this study.

5.3.2 Particle Size Distribution Analysis

The carrier powder was composed of pharmaceutical grade CaSO4 granules,
vinyl polymer, and carbohydrate with narrow particle size distribution. The particle
size and shape of active and non-active pharmaceutical ingredients in most
pharmaceutical products can affect various significant physical properties and
quality attributes, such as physicochemical stability and dissolution rate.?®' In
Figure 5.2B, as the mode average diameter according to the peak is around 50
pum, the flowability of these particles may just be at the threshold of good flow.
This can sometimes result in the appearance of incomplete layers during the
printing process.'®” However, the optimization of processing conditions, various
tablets with high accuracy and shape fidelity (Figure 5.2A) were still printed

successfully despite the moderate to poor flowability of the printing powder
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Figure 5.2. (A) 3D printed tablets with different shape and dimensions, (B)
volume-weighted particle size distribution of the printing powder carriers.

The mean particle size distribution was found to be in the range of about 41.65—
54.44 ym (Dso%) with a volume mean diameter (VMD) of 41.46 ym (Figure 5.2B).
The powder flowability test via both Carr’s index and angle of repose estimation
for formulation powders exhibited good flow properties. This is reflected in the
calculated values of Carr’s index and angle of repose as 25 and 22.05 degrees,
respectively. Moreover, the calculated bulk density value of the powder indicates
that it rendered good compatibility as well (Table 5.1). It has been reported that
the particle morphology of CaSO4 hydrates based powder with high performance

can assist in the preparation of strong, accurate, and high-definition models. In
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an optimized process, by simply spraying the suitable binding solution, this

calcium sulfate hemihydrate (CaSO4 + nH20) powder undergoes a self-hydration
process, resulting in a semi-solid calcium plaster-like paste (CaSO4-%H20+1 %HzO

= CaS04'2H20)."45232 This process was adopted and repeated for each
depositing layers in sequence until the 3D object was printed herein. As shown in
Figure 5.2A, the tablets with various shape fidelity and dimensions were printed

with high accuracy, uniformity, and reproducibility.

Table 5.1. Properties of the powders used for printing matrices
Printing Powder Carrier Properties

iscosi Flowability Bulk Density  Dso, Doov
Viscosity(cPo) Carr’s Index  Angle of Repose (g/cm?®) (um)
220.8
(Torque: 18.4% 25 22 050 1172 ‘;%5322

Speed: 5.00 rpm)

5.3.3 SEM of PB 3D Printed Tablets

The surface morphology of the printed tablets examined via SEM is depicted in
Figure 5.3. It is obvious from the SEM images that all printed tablets had a highly
porous surface with matrix-forming particles loosely bound with the binding liquid.
This can be ideal for the formulation of fast disintegrating dosage forms, such as
orally disintegrating tablets (ODTs). All tablet formulations exhibited micron-scale
interconnected pore size. A high-resolution SEM image revealed the pore
diameter in the region of about ~90 um (Figure 5.3F). As a result, upon contact
with an aqueous medium such as a dissolution solution, the surface area could
be increased significantly, resulting in the faster dissolution of the drug from the

tablets.
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Figure 5.3. SEM images of the surface of PB 3D-printed tablets.

5.3.4 Preparation of Coating Solution

The model anti-cancer drug, FLU, is sparingly soluble in water and slightly soluble
in ethanol.?>> However, the solubility of FLU can be affected significantly by
temperature, and it can be increased more than 12-fold by enhancing the
temperature between 25 and 200 °C under a constant pressure of 5.1 MPa.8
Additionally, Singh et al. pointed out that FLU has high thermal stability when the
temperature is less than 278 °C."8° Having considered this property, during the
preparation of the drug-loaded coating solution, the temperature was increased
to around 70 °C in order to increase the concentration of the drug in the solution.
As a result, the maximum concentration of the solution was optimized at 25
mg/mL. According to the concentration of prepared solutions and the weight
changes of tablets before and after the coating process, compositions of drug

solution coated on different tablets could be calculated (Table 5.2).

Table 5.2. Compositions of drug solution coated on different tablets

Tablets Components Solution A Solution B Solution C

Tablet (batch 1) 5-fluorouracil (mg) 2.5 2.5 25

. _ Soluplus (mg) 2.5 1.25 0
(Diameter = 10 mm) PEG (mg) 0 195 0
5-fluorouracil (mg) 5 5 5

(Drgﬂztéfjt;;grﬁ?n) Soluplus (mg) 5 2.5 0
PEG (mg) 0 2.5 0




126

Soluplus® (SOL) is a graft co-polymer of polyvinyl caprolactam (PVC)-polyvinyl
acetate (PVAc)-polyethylene glycol (PEG) that can help drug dispersed
molecularly in its matrix in the preparation of solid dispersion. As a result, Thakral
et al. proved Soluplus® can increase the water solubility of an anti-cancer drug
with poor aqueous solubility (camptothecin) in a colon-targeted delivery
system.?3* Their solid dispersion formulation of camptothecin in Soluplus® with
citric acid had great potential for colorectal cancer therapy. Uddin et al. studied
Soluplus® as a drug carrier and the coating formulations (consisting of drug-
polymer solutions at various ratios).?*® They found that Soluplus® helped the drug
release for various anti-cancer substances (5-fluorouracil, curcumin, and
cisplatin), especially for the water-insoluble drugs (curcumin and cisplatin)
because of their solubilizing enhancement capacity. In addition, Homayouni et al.
pointed out that this polymer can perform as a stabilizer and a solubilizing agent
in poorly water-soluble drug formulation.?*®¢ Because Soluplus® contains a
polyethylene glycol backbone as the hydrophilic portion and vinyl
caprolactam/vinyl acetate side chain as the lipophilic part, the significant
amphipathic property gives it good surface activity, wettability, ability to enhance
the aqueous solubility, and oral bioavailability.>"2%¢ As a result, all developed
polymeric solutions (SOL alone or in combination with PEG) contained FLU

dispersed homogeneously within the matrices.

5.3.5 Confocal Microscopic Analysis of Drug-coated PB 3D Printed

Tablets

In order to evaluate the homogeneity of the drug distribution upon depositing onto
the formulated tablets, an optical microscopic analysis was conducted. As can be
seen in Figure 5.4, an uncoated tablet without the drug solution exhibited no
fluorescence traces in the mapping image (Figure 5.4A). There were some bright

green dots that may be attributed to some degree of contamination during the
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sample preparation or handling process. These green dots were also present in
the FLU loaded tablets, indicating that these are not relevant to the presence of
the drug. It could also have been due to the presence of dust on the surface of
the tablet. However, the images of tablets coated with drug solution showed
significant differences compared to the tablet without drug solution. In contrast,
the FLU loaded tablet surface showed a homogenous distribution of the drug
throughout the surface of the tablets, represented by the dark green pattern. From
these images, the edge of the tablet can be figured out easily. It can be concluded
that the drug was coated homogeneously on the surface of these 3D printed

tablets.

Figure 5.4. Confocal microscopic images of (A) tablets without drug solution, (B)
tablets with drug solution C.

5.3.6 Dissolution Studies

In vitro drug release profiles from both 10 mm and 13 mm tablets coated with FLU
solution A, B, and C for 2 h are depicted in Figure 5.5. Tablets with a bigger
diameter (13 mm) showed a faster dissolution rate when compared with small
tablets. The probable reason is the larger volume of 3D printed tablets for

absorbing the drug solution and the larger surface area for partial hydration
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reaction in the dissolution media. The dissolution test was carried out for 6 h; as
over 80% of the drug was released within the first 120 min, only data up to 120
min were picked up for further evaluations. The aim of the current research was
not to show sustained release behavior of printed tablets. Rather, it was to show
that the drug release from printed tablets can be modified to reach the dissolution
profile needed. Asadi-Eydivand et al. pointed out that calcium sulphate hydrated
powder could absorb moisture from the environment.?*?> The comparison graphs
of solutions A, B, and C clearly illustrate that all these drug solution coated tablets
showed a sustained release over 2 h. Tablets coated with solutions A and B
showed slightly slower release compared to that of solution C, which contained
only FLU. About 90% of the drug had been released from polymeric solutions,
whereas the bulk FLU solution showed about 100% release in 2 h. The slight
delay in the release of the drug from the polymeric solution could be attributed to
the chemistry of the amphiphilic polymer, Soluplus®. It has been reported that
Soluplus® tends to retard the release of the sparingly water-soluble drug upon
swelling in the dissolution media."”" Comparing the dissolution profiles of the 13
mm and the 10 mm tablets coated by solution C showed that these dissolution
profiles were different (f, value of 43) because similarity factor (f,) less than 50
indicates that they are different. This indicates that the size of printed tablets has
a significant effect on the dissolution profiles of FLU. Comparing the effect of the
coating solution showed that the type of solution cannot make a big difference
(the similarity factor f, value was higher than 50). Nonetheless, our developed
formulation compositions (solutions A and B) could be ideal for prolonging the
release of the drug for a longer time or sustained release drug delivery, as may

be required for chemotherapeutic DDSs.
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Figure 5.5. In vitro drug release profiles (under sink condition) of various printed

tablets coated with solutions A, B, and C containing 5-fluorouracil (FLU) at pH 6.8

(n=3).

5.4 Conclusion

This chapter demonstrated an optimized PB 3D printing process that can be
applied for the fabrication of oral dosage forms, such as tablets with varying
shapes and morphology. A detailed investigation of the powder compositions
revealed that particle size, flow, and morphology play pivotal roles in the printing
process. The produced tablets were also coated with various anticancer drug
solutions, where drug particles were observed homogenously dispersed
throughout the surface of the printed tablets. Furthermore, it could be claimed
that the PB 3D printing process demonstrated here was able to adjust the dose,
release rate, and loading amount of the drug substances by changing the
formulation composition and the processing parameters. This method can be
further scaled up for pilot scale manufacturing in personalized medicine. In
conclusion, it can be claimed that the PB 3D printing process reported herein can

be exploited for a number of drugs, including thermolabile drugs, by optimizing
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the powder bed composition using pharmaceutical grade excipients such as
polymers. This presents an emerging technique at the forefront of the additive
manufacturing process which enables the immediate release of drug for

personalized medicine.

According to the drug dissolution test, the 5-fluorouracil solution of 2.5% (w/v)
concentration (Solution C) will be further applied in the development of the novel

magnetic field triggerable DDS.
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6. Chapter 6: Assembly and
Characterization of Magnetic Field
Triggerable Drug Delivery System

6.1 Introduction

Triggerable drug delivery systems (TDDSs), capable of releasing drug through
applying external physical signals (such as magnetic field, ultrasound, pH,
enzymes, temperature, electric, light, and near-infrared radiation) are gaining
more and more attention in pharmaceutical sciences.®*26239 Such systems
containing a large amount of drug can present remote, noninvasive, tunable, and
reliable switching of therapeutic compound flux.” Hence, spatio-temporal
management of drug availability could be realized through these triggerable drug
delivery systems by the physicians or patients with the utilization of either the
interaction between a ‘responsive’ material and the surrounding environment or
a remotely controllable activation device.'?6240.241 Also, these systems loaded
with a large amount of drug can achieve multiple dosing after a single
administration through repeatable triggering.'?® However, there are still some
limitations, like low controllability because of an initial burst release or a drug
leakage via diffusion, difficulty in disposing of the systems after therapy, and
increasing toxicity-associated risks due to the possible degradation of the matrix

and the reduction of stability and reliability of the systems.26:240

Implantable reservoir-based devices have been designed to overcome these
limitations efficiently.'”" Targeted therapy could be achieved through these
devices at different length scales with high anatomical variability.’®® The
performing procedure and working environment will affect the features, sizes, and
operation mechanisms significantly.?*° Herein, it is highly desirable to fabricate
untethered macroscale triggerable DDSs with low cost, simple preparation, facile

operation, simplified structural morphology, and the ability to move through body
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channels and perform on-demand drug administration. 29240

Although several external stimuli have been studied in TDDSs, controlled drug
targeting through magnetic actuation is still one of the principal approaches
because of many advantages, such as instantaneous and reversible response,
remote actuation, nondestructive and high controllability, which are especially
attractive for biomedical fabrication where the noncontact feature is particularly
necessary in vivo environment with absolute safety.’®'720 Those magnetic
systems also play an important role in cancer research due to the superior ability
in chemotherapy by realizing: (1) selective delivery of the maximum fraction of
anticancer molecules to the desired site without any increase in side effects to
normal cells; (2) prior distribution of anticancer drugs to targeted cells; (3) stable
systemic drug concentration and (4) elimination of normal tissue clearance with
the application of external magnetic fields.?°° Various types of magnetic particles
have been widely applied in these systems as switching carriers, including FezO4
particles, NdFeB powders and carbonyl iron (Cl) powders.'6:17.94.203.240 \Wjith the
addition of magnetic enclosures, these magnetically responsive systems can
move and deform due to applied magnetic fields.?'® Furthermore, with the
manipulation of external permanent magnets, magnetically triggered drug
delivery systems have the ability to remote locomotion through biological tissues
in real-time because magnetic fields can transmit high force or torques wirelessly

with multiple degrees of freedom to medical robots.?"240

Polylactic acid (PLA) is the most common material used for FDM because it is a
non-toxic, renewable, thermoplastic, biodegradable and biocompatible
polymer.24%.243 Additionally, its suitable properties like high mechanical strength,
low coefficient of thermal expansion and processability for extrusion applications
make this material ideal for pharmaceutical and biomedical applications.?*?
Furthermore, various polymers, such as Pluronic, poly(vinyl alcohol) and

polycaprolactone, could be blended with PLA to provide extra features with the
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addition of APIs to the final composite material in healthcare applications. 66242~
244 Although the hydrolysis rate of PLA is low, it has been widely studied as a base
polymer in recent years because of its biodegradability and biocompatibility.’®®
PLA have other advantages for the FDM printing, such as easy availability and a
melting range from 180 to 220°C.?*> Additionally, the degradation products from
PLA are non-toxic and can be excreted from kidneys, so PLA has been applied
in tissue engineering, sutures and prostheses.?*> According to FDA, PLA is

regarded as a safe material.

An appropriate 5-fluorouracil (FLU) DDS should meet the following requirements:
(1) physical stability; (2) small size for uniform perfusion; (3) enough drug loading
capacity; (4) prevention of degradation; (5) minimized drug leakage; (6)
controllable drug release rate from the carrier at the desired target site; (7)
surface properties allowing maximum biocompatibility and minimum antigenicity;

and (8) degradation products with minimized toxicity.?2°

In this chapter, a novel magnetically triggerable DDS composed of a magnetic
polydimethylsiloxane (PDMS) sponge cylinder and a 3D printed PLA reservoir
was designed, fabricated and characterized. This system can realize a switch
between the “on” and “off’ state easily through the application of different
magnetic fields and from different directions. Active and repeatable control of the
localized drug release could be achieved by the utilization of magnetic fields to
this device due to the shrinking extent of the macro-porous magnetic sponge
inside. An anticancer substance, FLU, was used as the model drug to illustrate
the drug release behaviour of the device under different strengths of magnetic
fields applied. In vitro cell culture studies also demonstrated that the stronger the
magnetic field applied, the higher the drug release from the deformed PDMS
sponge cylinder and thus the more obvious inhibition effects on Trex cell growth.
All results confirmed that the device can provide a safe, long-term, triggerable

and reutilizable way for localized disease treatment such as cancer.
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6.2 Methods

6.2.1 Preparation of PDMS Sponges

Refer to the Section 2.3.1.

6.2.2 Preparation and Characterization of the Reservoir

Refer to the Section 2.4.2.

6.2.3 SEM Analysis of FDM 3D Printed PLA Reservoirs

Refer to the Section 2.5.1.

6.2.4 Assemble and Drug Loading of the Device
Refer to the Section 2.3.4.

6.2.5 Dissolution Test under Sink Conditions

Refer to the Section 2.9.2.

6.3.6 Cell Studies of the Devices in Vitro with FLU Solution
Refer to the Section 2.10.

6.3 Results and Discussion

6.3.1 Fabrication and Characterization of Magnetic PDMS Sponges

Among all prepared magnetic PDMS sponges (Figure 6.1), 100 w/w% CI/PDMS
sponge was selected for the scaffold in this experiment as it exhibited the most
deformation tendency at the given reflux under the given magnetic field. The
underlying reason is that the ferromagnetic particles were homogeneously
distributed throughout the PDMS sponges as such it was enough to deform the

sponges to a suitable extent to trigger drug release from the system. The lower
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or higher amount of Cl particles in the formulation exhibited insufficient magnetic
field sensitivity in the experimental set-up, respectively. Based on the preliminary

results, 100% w/w CI/PDMS formulation was selected for the additional studies.

Figure 6.1. Photograph of the pure PDMS sponge cylinder, Cl loaded PDMS
cylinder and cube.

6.3.2 Fabrication and Characterization of the Reservoir

6.3.2.1 Printing the Device

The PLA filaments were transformed into reservoirs via a Robo R2 FDM 3D
printer (Figure 6.2A). The suitable size of the sponge cylinder was cut and
subsequently installed into the PLA reservoir bottom before the top part
assembling and drug loading. The reservoir could be opened later, meanwhile,
both the reservoir and PDMS sponge cylinders could be washed completely and
reutilized (Figure 6.2B). These printed reservoirs showed satisfactory mechanical
properties. These two parts of the reservoir are white, non-friable, plastic-like and
can be closed tightly. The printed reservoirs show low variability in both size and
weight (Figure 6.2) because the relative standard deviation values of the diameter,

height and weight are 0.052, 0.087 and 0.066 respectively (n = 3).
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Figure 6.2. (A) The printing process of the PLA reservoir with Robo R2. (B)
Macroscopic appearance of 3D-printed PLA reservoir (left: top, right: bottom). (C)
Macroscopic appearance of the assembled 3D-printed PLA reservoir loaded with
100% CI/PDMS sponge and drug solution.

6.3.2.2 Characterization of 3D Printed Reservoirs

The extruded PLA filament was smooth and uniform with a diameter of 0.403 +
0.001 mm. The value of E, (100.75 %) reduced the possibility of die swelling,
which may cause uneven filament blocking the feed nozzle (¢ = 0.4 mm) of the
3D printer. SEM analysis (Figure 6.3) confirmed that the printed reservoir has a
layered structure as the printing process was conducted in a layer-by-layer

manner.

(A)

(©)

Figure 6.3. SEM images of (A) PLA filaments, (B) the bottom surface of the
reservoir, (C) the top surface of the reservoir, (D) the side surface of the reservoir.
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6.3.3 Assemble and Drug Loading of the TDDS

The sponge cylinders with the diameter and height of 12.5 mm and 5 mm
respectively were cut carefully and then placed into the hollow space of the
reservoir bottom. Then the two parts of the reservoir were closed tightly (Figure

6.2C).

After the pure PDMS sponge or the Cl-loaded PDMS sponge was assembled into
the reservoir, around 0.3 mL solution could be loaded into the device because of
the strong water absorption property of the sponge samples. The dose of FLU
loaded into the device could be calculated by analyzing the weight change
(weight of solution) of the device before and after the drug loading process. The
maximum concentration of the FLU solution was optimized at 25 mg/mL. As a

result, the device containing around 7~8 mg FLU was assembled successfully.

6.3.4 Dissolution Test under Sink Conditions

It is assumed that the location of the magnetic bar with respect to the location of
the reservoir containing a sponge cylinder can deform the sponge cylinder
differently and this, in turn, releases the drug with different patterns when
compared to the release behavior of the device without magnets (Figure 6.4).
Some drug solutions can release from the small aperture gradually without
magnets (Mode 2). When the magnet bar is contacted with the side part of the
device, the magnetic sponge loaded with the drug solution can move close to the
magnetic bar because of the magnetic field and the drug solution is squeezed out
through the small aperture (Mode 3). In contrast, the magnetic sponge and drug
solution move away from the aperture when the magnetic bar is at the bottom of
the device, so only a little amount of drug solution will be released (Mode 1). To
prove this hypothesis, dissolution tests under sink conditions were carried out

(Figure 2.6).
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Figure 6.4. A schematic cross-section view diagram showing the release
mechanism of the device with the utilization of the magnetic field from different
directions (left: Mode 1, middle: Mode 2, right: Mode 3).
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In vitro drug release profiles from the same drug-loaded device but with different
utilizations of magnets are depicted in Figure 6.5. The dissolution test was carried
out for 12 h, and the results showed that over 80% of the drug was released in

Model 3 within the first 720 min.
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Figure 6.5. In vitro mean drug release profiles (£tSD) (under sink condition) in PBS
(pH 6.8) of the device loaded with 25 mg/mL FLU solution (n =3).

When the device was standing on Magnet D (Model 1), the dissolution rate was
faster than other models. The probable reasons may have been the drug solution
could release from the small aperture because of the deformation caused by the
magnetic field. In particular, the times at which 50%, 80% and 90% of the drug
were dissolved (Tso0%, Tso% and Teo% respectively) are observed at 20, 55 and 140
min (Table 6.1). When Model 7 which the device was standing on Magnet B (the
smaller magnetic field) and compared with Model 1 (the stronger magnetic field),
the drug release of Model 1 is much faster (f, =40.58). This confirmed that the
quicker drug release is mainly due to the more obvious deformation caused by a

stronger magnetic field.

Table 6.1. Different models and the time at which 10%, 50%, 80% and 90% of the
drug were dissolved are clarified underneath the dissolution profiles for the
comparison of drug release behaviors of the device.

Model Apparatus Magnet Mode  Aperture T10% Ts50% Ts0% Too%
1 Paddle D 3 \ <5min  20min 55 min 140 min
2 Paddle X 2 v 25min 120 min 240 min 340 min
3 Basket x 4 \ 80 min 280 min 640 min -
4 Basket D 1 \ 80 min - - -
5 Paddle D 1 \ 80 min - - -
6 Paddle X 2 X 220 min - - -
7 Paddle B 3 v <5min 50min 220 min 360 min
8 Paddle B 1 \ 720 min - - -

However, the drug release from the device which was lying on the magnet (Model
5) is dramatically slow. The comparison of dissolution profiles of Model 1 with
model 5 demonstrated that the deformation of the magnetic sponge in Model 1 is
more efficient than Model 5 because of the position of the small aperture and the
size differences between the diameter and height of the sponge samples

assembled in the reservoir (f, =9.71).
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Besides, there are also significant differences between Models 1 and 2
(f, =30.03), Models 2 and 5 (f, =15.66). This indicates that the different
utilizations of the external magnetic field have crucial influences on the dissolution
behaviour of drug release from the device. The dissolution behaviours of the
drug-loaded device are different in basket and paddle methods because of the
obvious difference between Model 2 and 3 (f, =30.03), Model 4 and 5 (f, =
50.56).

To prove the small aperture on the top of the reservoir is the main pathway for
drug-releasing, the device without any aperture was designed, fabricated and
analyzed (Model 6) in the same way as Model 2. During the 12 h, only 16% of
drug loading was released from the device and the amount is much lower than
that of Model 2. This indicates that the drug solution is mainly released from the
small aperture. However, the slower drug release in Model 8 when compared with
Model 5 indicates that the weaker magnetic field can release less drug in Mode

1.

It can be concluded that the switching “on” state in the release pattern from the
device can be triggered when the magnet is employed like Model 1, and the
switching “off” drug-releasing of the device can also be realized when we change
the position of the magnets like Model 8. Consequently, the release of drugs from
this device can be controlled repeatedly and quickly. All these features make this
novel implantable drug delivery device a promising candidate for on-demand and
control the release of therapeutic substances in local disease therapy. The device
could be navigated to the target site in vivo wirelessly with the application of
magnetic fields. With the development of this TDDS, the anticancer agent (FLU)
could be navigated to the target site and released at an adjustable rate in
accordance with patients’ specific conditions for minimizing adverse effects
during cancer treatment. Herein, the bioavailability of FLU could be enhanced

significantly. Furthermore, this device shows superior potential in hormone
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deficiencies and chronic pain treatments. Desirable doses of these drugs, like
hormones and painkillers, can be released by loading these drug solutions of

various concentrations into the DDS.

6.3.5 Cell Studies In Vitro

It was necessary to analyze the cell inhibition behavior of FLU loaded 3D printed
reservoir and sponge samples. The assessment of cell numbers of Trex cells was
designed (Table 6.2). The cell numbers in Figure 6.6 (Group B1, B9 with B11,
Group B2 with B10) display that these PDMS sponges, especially Cl loaded
PDMS sponge without the drug can inhibit the growth of Trex cells to some extent,
but the number of Trex cells still increased within 4 days because there is no FLU
solution. Through comparing the data of groups under the same conditions just
except for applying magnetic fields (Group B9 with B10, Group B1 with B2, and
Group B3 with B4), it can be concluded that the stronger magnet will lead to more
drugs being released from the deformation of magnetic sponges and more
obvious inhibition effects on Trex cell growth. Importantly, sponge samples loaded
with a higher concentration of FLU solution (Group B3 with B5, Group B4 with B6)
presented a stronger inhibition effect on Trex cells. The results showed that there
is no difference between Group 7 and 8 and this is not surprising because the
magnet would not trigger the release of the drug solution loaded in the device
when the magnets were placed at the bottom of the whole device as reflected by

the results highlighted in the dissolution section.

In summary, stronger magnetic fields can lead to larger deformations of Cl-loaded
PDMS sponge cylinders and a higher volume of drug solution will be released
from the drug-loaded magnetic PDMS sponges. By adjusting the concentration
of the drug solution, the dose of the drug could be changed. Because the
prepared magnetic sponge sample can release a specific volume of drug solution

under the same magnetic field, the lower loaded solution concentration can lead
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to the lower loaded dose of the drug. With the assembly of a 3D printed PLA
reservoir, there will be no obvious difference in the released dose of drug from
the whole device between the device having magnets placed underneath and the

device alone without magnets.

Table 6.2. 3D printed PLA reservoir and sponge samples loaded with different
solutions under different magnetic fields

Group Magnet Sponge FLU Solution PLA Reservoir
Bl B CI/PDMS=100 wt% x x
B2 C CI/PDMS=100 wt% x X
B3 B CI/PDMS=100 wt% 12.5 mg/mL X
B4 C CI/PDMS=100 wt% 12.5 mg/mL x
B5 B CI/PDMS=100 wt% 25 mg/mL x
B6 C CI/PDMS=100 wt% 25 mg/mL x
B7 X CI/PDMS=100 wt% 12.5 mg/mL V
B8 B CI/PDMS=100 wt% 12.5 mg/mL V
B9 B X x X
B10 C X x X
B11 B pure PDMS X X
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Figure 6.6. Numbers of Trex cells under different conditions.

6.3.6 Optimization of 5-fluorouracil Solution

Although the FLU solution of 2.5% (w/v) concentration loaded into the device
showed great performance in cell studies and in vitro dissolution tests, the FLU
solution could be further optimized with other solvents for long term implantation.

Highly purified diethylene glycol monoethyl ether, which commercially known as
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Transcutol®, has been widely used as a solvent in many medicines for solubility
improvement.?*® Transcutol is a transparent liquid with low viscosity and pleasant
odor, and its physicochemical properties are comparable to protic solvents (e.g.
ethanol and water).?%¢ A significant application of this solvent is to dissolve a wide
range of hydrophilic and lipophilic substances. Transcutol HP (mass fraction
purity > 99.90%) was selected as a solvent in this study because of its nontoxicity,
biocompatibility and strong solubilization effect.?*”-248 According to Siddalingam
and Chidambaram, Transcutol HP showed the highest solubility of FLU (94.62
mg/mL) and good solubility was also observed in Capyrol PGMC (78.94 mg/mL)
and PEG 400 (93.12 mg/mL).?*® Therefore, Transcutol HP could be applied to
prepare FLU solution with a concentration of 25 mg/mL with no need to increase

the temperature.

6.4 Conclusion

This chapter illustrates the design and development of a novel implantable drug
delivery device assembled from a magnetic PDMS sponge cylinder and a 3D-
printed PLA reservoir to provide a triggerable and remotely controllable system
for on-demand drug delivery in localized disease treatment. This device utilized
different extrinsic magnetic fields for offering a tunable force to trigger drug
release through reversible magnetic sponge deformations. The geometric shape
and dimensions of the reservoir could be adjusted easily through FDM 3D printing
technology according to the requirement of patients. In addition, the drug-
releasing dose and timing can be reliably and flexibly controlled by different
applications of the magnetic field to fit the prescribed needs. Furthermore, this
device has the potential to be optimized as a safe and long-term implant because
of its large drug loading ability. It can be the key component of a multi-functional,
implantable and smart drug delivery system for the controlled release of
therapeutic substances to avoid frequent injections or various sophisticated

dosing regimens. In the future, combining the device with a sensing system can
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also offer protection for biosensors because biofouling and exposure to the body

may lead to the failure of biosensors in vivo.
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7.Chapter 7: Development of Hot Melt
Extruded Filaments for Fused
Deposition Modelling 3D Printing

7.1 Introduction

Hot melt extrusion (HME) was first used in the plastic and rubber industry, since
the 1970s, it has been promoted in pharmaceutical research as a method of
preparing solid dispersions through distributing poorly soluble drugs into a
polymeric matrix for manufacturing various dosage forms (e.g. implants, granules,
pellets, films).'42.158.174 An early investigation revealed that the percentage of drug
loading into the polymers would be low when drugs were loaded through
impregnation/incubation in organic solvents as a function of passive diffusion
(soaking).'”-168 |In recent years, HME has been used in combination with fused
deposition modelling (FDM) 3DP, which is one of the most promising 3DP
technologies in pharmaceutical applications to date.#3155.249.250 Consequently,
HME is of great importance in providing an increasing number of materials
processable by FDM, increasing the drug loading capacity of filaments, and

achieving on-demand fabrication of a unit dose for patients.

Ibuprofen (IBP) is one of the most commonly used non-steroidal anti-
inflammatory drugs (NSAIDs).?%" Its short biological half-life (2 h) makes this drug
suitable for sustained DDSs development.'®' Solid dispersions of IBP with various
carriers have been investigated in recent years for improving the solubility and
dissolution properties of IBP, even though IBP shows poor pharmaceutical
behaviors and flow properties.'®"."°* Moreover, IBP has a high tendency to adhere
to punches during direct compression.?®! IBP was selected as the model drug in

this study mainly due to its plasticizing effect on ethyl cellulose (EC).">4187

Plasticizers always play an essential role in HME with those pharmaceutical
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polymers for enhancing the workability, melt flow property and flexibility (strain
bearing ability) of filaments because of their ability to decrease the interaction
between the polymer chains and soften the polymer matrix.?°925? Also, they can
help to decrease the elastic modulus, tensile strength, polymer melt viscosity,
glass transition temperature (Tg) and increase shear resistance.'’ 165187
Additionally, the risk of thermal decomposition of the drug molecular will decrease
because a lower processing temperature can be applied during the extrusion
process. '8 However, the addition of plasticizers may affect gastric and intestinal
transit times, then have an impact on drug absorption especially in hydrophilic
matrices and chronic disease treatment.?*° Traditional plasticizers (often with low
molecular weight) include triethyl citrate (TEC), propylene glycol, triacetin,
polyethylene glycols (PEG), dibutyl sebacate (DBS), Tween® 80 and diethyl
phthalate.'7.158.165 Some drugs (e.g. IBP) were also found to possess the
plasticizing effect which will bring some technological advantages during the HME
process, such as lower the extrusion temperature.’®” It is noteworthy that the
plasticizer content has a significant influence on the processability of HME
filaments during the FDM 3D printing process (Table 7.1) because sufficient
plasticizer can promote the appearance and minimize the variations in the weight
of printed objects.’® Hence, it is important to figure out the best polymer-

plasticizer ratio for each drug load.?>*

Table 7.1. The comparison of unsuitable content of plasticizer during FDM

Insufficient plasticizer Redundant plasticizer
e cavities e agreat decrease in the average weight
i i f FDM printed object
Problems aggregation formulation o) W Prln ed objects
e low rigidity
e bend and deformation in heater
¢ low flowability e more adhesive melts on FDM nozzle
Reasons . .
due to low viscosity
¢ high viscosity of melts e interfere with the instant solidification of
extruded layers
Solutions e improve FDM printing temperature e decrease FDM printing temperature

e addition of thermoplastic materials
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EC is a well-known polymer to be used in the manufacture of tablets by direct
compression for achieving sustained release profiles.’®' EC with various
molecular weights is suitable for HME because of its excellent thermo-plasticity
when the temperature is higher than its Ty (129-133°C)."%8.165 As a result, EC
formulations without plasticizers could only be extruded at temperatures above
133°C and the extrudates will be too brittle to be further printed through FDM. %8
With the addition of traditional plasticizers (e.g. dibutyl sebacate), the extrusion
process will become easier by decreasing the Ty and melt viscosity of EC, then
the risk of thermal decomposition of the API will be minimized because of the
lower processing temperature.’*® Many studies have illustrated that the addition
of IBP to the HME formulations can lower the extrusion temperature significantly
and increase the stability due to the plasticizing effect of IBP.'5487.97 However,
the drug release rate from the IBP and EC hot melt extrudates is very slow due
to the water insolubility and inertia of EC."%8.1°1.254 Consequently, other polymers
were also introduced to modify the drug release behavior of FDM 3D printed
tablets fabricated from hot melt extruded filaments of IBP and EC matrix. In this
way, HME can provide an effective combining method for melt-blending different
polymers into one homogenous final dosage form.'”® Because the printability of
filaments will be affected significantly by the physicochemical properties of the
starting materials, the hot melt extruded filaments were characterized

comprehensively.?*°

In the current research, release modifiers with different viscosity grades were
added to IBP-EC hot melt extruded matrix separately to modulate the drug
release. Although FDM 3DP is a promising method for preparing controlled
release dosage forms, the high compactness and high density of FDM 3D printed
objects place a significant restriction on the drug release through diffusion. 4174
In this situation, the introduction of erosive polymers (e.g. PVA, Soluplus, HPMC)

into the 3D printed matrix is an efficient method for improving the drug release
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through surface erosion of the intact matrix in the dissolution media.’3%'7* Yang
et al. have used PVA and HPMC K100LV as release modifiers in combination with
IBP and EC because HPMC can increase the drug release through water uptake,
swelling and erosion.’>* PVA possesses great thermo-plasticity and mechanical
properties, so PVA filaments are one of the commercially available filaments for
FDM 3DP."41.242.256 Gimilarly, Soluplus is another swellable polymer for HME in
pharmaceutical applications due to its outstanding thermal stability and
extrudability, although pure Soluplus filaments are too brittle for FDM 3D
printers.’! Traditional plasticizers, such as TEC and various grades of PEG,
show a facilitating effect on FDM 3DP for increasing the melt flow properties of
thermoplastic polymers and decreasing the T,.">” The pH-independent swelling
behavior and low permeability make Eudragit RL and RS promising release
modifiers for release retardation because the drug release from these two water-
insoluble polymers is mainly governed by the diffusion mechanism in many
studies of 3DP."55168.257 \/grious grades of HPMC are processable in HME without
the addition of plasticizers and they are the most widely used polymers in drug-
loaded filament development for sustained drug release 3D printed tablets.?59258
Kollidon® VA64 (a copolymer of polyvinylpyrrolidone and vinyl acetate) has been
used as a water-soluble polymer matrix material in the HME process, but the pure
Kollidon® VAG4 filaments are so brittle that would collapse in the 3D printer. 73252
To the best of our knowledge, Kollidon® 17 PF and 30 have not been employed
in the FDM 3DP technology, but Kollamaram et al. proved that Kollidon® 12PF is
a suitable excipient for FDM 3DP.2%° Kollidon® 12PF and 17PF are soluble low
molecular polyvinylpyrrolidone which is used as common solubilizing agents and
crystallization inhibitors.?*®  Similarly, Kollidon® 30 (medium-molecular
polyvinylpyrrolidone) could also be applied as a solubilizing agent and a

crystallization inhibitor.

In the development of sustained DDSs, high drug loading should be considered

due to the requirement for high amounts of drug and low volume of drug
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systems.'" As IBP shows a plasticizing effect on EC and has a significant effect
on improving the thermo-plasticity of EC during the HME process, therefore,
sufficient IBP was necessary to ensure the processability of hot melt extruded
filaments in the following FDM printing process.'*'°" According to Yang et al.,
FDM 3D printed tablets with 20% ibuprofen perform better than tablets prepared

with other drug contents from 16% to 24% in printing quality.'>

7.2 Methods

7.2.1 Preparation of Physical Mixtures

Refer to the Section 2.4.3.1.

7.2.2 Tablets Prepared by Direct Compression
Refer to the Section 2.4.3.2.

7.2.3 TGA
Refer to the Section 2.7.1.2.

7.2.4 Preparation of Polymeric Filaments

Refer to the Section 2.4.4.

7.25 SEM
Refer to the Section 2.5.4.

7.2.6 DSC Analysis

Refer to the Section 2.7.2.

7.2.7 XRD

Refer to the Section 2.6.
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7.2.8 Mechanical characterization

Refer to the Section 2.8.2.

7.2.9 Determination of Drug Content

Refer to the Section 2.9.3.

7.2.10 In Vitro Drug Release Studies
Refer to the Section 2.9.4.

7.3 Results and Discussion

7.3.1 Characterization of Raw Materials

7.3.1.1 Matrix Selection

As mentioned above, EC is available in various molecular weights. Lower
molecular weight grades are related to solutions of lower viscosity. According to
the manufacture’s report, Ethocel™ (premium ethyl cellulose polymers) with an
ethoxyl content of 48.0-49.5% and various viscosity grades are common
polymers in pharmaceutical applications. To study the effect of the viscosity of EC
in the HME-FDM process, different viscosity grades of EC were used: Ethocel™
standard 4 (EC 4), Ethocel™ standard 10 (EC 10) and Ethocel™ standard 45 (EC
45) with respective viscosities of 5.3, 10.3 and 43.5 mPa.s (cP)."*® Therefore,
three different filaments composed of IBP (20 w/w%) and EC (80 w/w%) were
fabricated according to Group 1 in Table 2.4. The morphology of these filaments
was shown in Figure 7.1. These three filaments with a diameter of 1.75 mm

showed similar morphology.
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Figure 7.1. Photograph of hot melt extruded filaments prepared with 20 w/w%
IBP and 80 w/w% (A) EC 4, (B) EC 10 and (C) EC 45.

Mechanical properties of hot melt extruded filaments were evaluated using a
texture analyzer to predict the printability of these filaments during the FDM 3DP
process.?*> Commercial polylactic acid (PLA) filaments (FilaPrint® premium PLA,
1.75 mm, 3D FilaPrint Ltd., Essex, UK) without drug deposition were used as the

reference standard (Figure 7.2). The yield strength (elastic limit) represents the
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maximum stress that the filament could tolerate before permanent deformation
happens. The ultimate tensile strength is represented by the highest point in the
stress-strain curve because it is the minimum stress (ratio of applied force to the
cross-sectional area filaments) that the material will break during the stretching
process. The elastic modulus (Young’s modulus) could be represented by the
slope of the elastic region (linear part) in the stress-strain curve.’* The elastic
modulus was calculated to evaluate the stiffness of flaments. To guarantee the
filaments could tolerate the operation in the drive gears of the 3D printer, the
elongation at break (the ratio of increase in length to original length) is needed to
be higher.'#8174 Furthermore, stiffer filaments show higher Young’s modulus and

less brittle filaments show higher elongation at break.'#?
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Figure 7.2. lllustration of the stress-strain curve of commercial PLA filaments.

The stress-strain curves of these three filaments were shown in Figure 7.3. As
demonstrated in Table 7.2, the filaments prepared with Ethocel™ standard 10
showed the highest elastic modulus (~1100 MPa), whereas the elastic modulus
of filaments prepared with Ethocel™ standard 4 and 45 are around 95 and 182
MPa respectively. Therefore, the stiffness of the other two filaments is much lower

than the IBP-EC 10 filaments. It is also noteworthy that the IBP-EC 4 and 45
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filaments both illustrated elongation at break of 24% and 30%, which are more
than three times that of IBP-EC 10 filaments (8%). The much lower value of
elongation at break for IBP-EC 10 filaments indicates the higher brittleness of the
filaments. Ductile filaments showed a high tendency to deform when being
passed forward in the feed zone and then block the printing head, although brittle
filaments which cannot bear the mechanical strain generated from the
compression and pushing of gears in the feed zone are likely to fracture and
cause a blockage as well.">” Additionally, the molecular weight of EC has a critical
effect on the tensile strength of filaments. The highest value (34.47 MPa) was
observed for formulations consisting of EC 45. This result is in good agreement

with the previous literature report. %8
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Figure 7.3. Stress-Strain curves of various IBP-loaded EC filaments using
Ethocel™ standard 4, 10 and 45 respectively.

Table 7.2. Mechanical properties of hot melt extruded IBP-loaded EC filaments
(n =3, mean £ SD)

Eil ¢ Yield strength  Tensile strength Elastic modulus Elongation at Strain hardening
ilamen

(MPa) (MPa) (MPa) break (%) capacity
IBP-EC 4 11.64 +2.23 13.62+3.21 95.10 £ 3.90 23.73 £ 6.38 0.17 +0.08
IBP-EC 10  26.59 + 3.30 32.71+£4.29 1099.37 £ 0.06 7.88+1.29 0.23+£0.01

IBP-EC 45 23.65+4.75 3447 +1.93 181.59 + 23.19 30.29 £ 4.46 0.51+0.37
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The dissolution profiles of filaments containing IBP and different EC viscosity
grades are given in Figure 7.4. It can be observed that filaments prepared from
low molecular weight EC polymers had faster release rates. The possible reason
is that low molecular weight polymers are related to short chains and weaker
mechanical properties.?®® Additionally, there is no obvious difference among

these filaments as the f, value between IBP-EC 4 and 45 is 96.74.
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Figure 7.4. In vitro drug release study of various IBP-EC filament pieces
fabricated with EC 4, 10 and 45 (n = 3).

These filaments were then evaluated for their printability using an FDM 3D printer.
However, the tablets (Figure 7.5) showed significantly different appearance due
to the mechanical properties of filaments and the performance during in printing
process. Only the IBP-EC 10 filaments can complete the whole printing process

to obtain tablets with uniform morphology.
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Figure 7.5. Photograph of the FDM 3D printed tablets using filaments prepared

with (left) IBP-EC 4, (middle) IBP-EC 10 and (right) IBP-EC 45 under the same
settings.

Because of the printability of IBP-EC filaments using Ethocel™ standard 4/10/45
and no obvious difference in the dissolution rate of these filaments, only Ethocel™
10 (EC 10) was selected for the following study to analyze the effect of various
polymers on the printability and dissolution behavior of extruded filaments and

printed tablets.

7.3.1.2 TGA of Raw Materials

The processing temperature plays an important role in this study because a
higher processing temperature will lead to a higher risk of thermal API
decomposition.’ 8 It has also been shown that printing quality could be affected
significantly by printing temperatures.’™ Objects printed through lower
temperatures tend to be more viscous in the heater and show weaker bond
strength between layers, which then lead to nozzle blockage and the
disintegration of final products.'>* However, if the printing temperature is too high,
thermolabile drugs and polymers will degrade.’>® Hence, the TGA was conducted

to compare the thermal decomposition pattern of all raw materials.

As shown in Figure 7.6A, the TGA diagram of pure ibuprofen showed a small

decrease below 100°C, indicating the loss of moisture in the IBP particles.?*' The
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start point of IBP thermal degradation is around 151°C, and 201°C is regarded
as the degradation acceleration peak. All other raw materials (Figure 7.6B)
exhibited no obvious weight loss up to 220°C, where the thermal degradation
begins to occur for HPMC K4M. Among these materials, Kollidon 30 and HPMC
K100M both demonstrated an obvious weight loss below 100 °C, which is related
to the relatively higher weight ratio of absorbed moisture. Therefore, all other
polymers applied in this study are thermally stable up to around 300 °C. In
addition, Pietrzak et al. pointed out that FDM 3DP temperature is required to be
at least 40-50 °C higher than the ideal HME processing temperature.’® The
possible reason is the difference between the heating duration of HME (longer
than 5 min under shear mixing of powder mixtures) and 3DP (normal extrusion
rate of extruded filaments at 3 mm3/s through the heated nozzle)."* To minimize
the decomposition of the API during extrusion and printing processes, printing
temperatures were tested from 150°C to determine the lowest processable
printing temperature. Based on the results, all fabricated filaments could only be

printed until 178°C.

Hence, 178°C was selected as the optimum printing temperature without
compromising the quality of the print as well as the products. Apart from IBP, no
significant weight loss of other excipients could be observed in the HME zone
(80-100 °C) nor the FDM printing zone (178 °C). Therefore, the drug content test
was necessary to evaluate the amount of IBP loaded in the filaments and printed

tablets after repetitive exposure to high temperature.
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Figure 7.6. Thermal degradation profiles of (A) IBP and (B) other raw materials.

In addition, physical mixtures (PM) of all groups (Figure 7.7) exhibited no obvious
weight loss during the extrusion zone (80-100°C) as most of these curves started
to degrade from 200°C. All these TGA curves showed relatively lower weight

ratios of absorbed moisture (< 5%) below 100°C.
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Figure 7.7. Thermal degradation profiles of physical mixtures in all groups.

7.3.1.3 DSC Analysis of Raw Materials and Physical Mixtures

The optimal processing temperatures during extrusion and printing processes
should be determined by both the melting and degradation temperature values of
IBP and other raw materials to minimize degradation and incomplete
incorporation of the model drug in the carrier. For evaluating the solid-state of the
drug in the extruded filaments and 3D printed tablets, DSC and XRD analyses
were applied. As shown in Figure 7.8A, the DSC profile of IBP showed a sharp
endothermic peak with an onset temperature of about 78.9 °C. The melting point
of IBP also confirmed its crystalline state. EC and other excipients (except for
PEG 6000 which is a semi-crystalline substance) showed no endothermic peaks,

indicating that they are in an amorphous state. The DSC thermograms of physical
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mixtures of all formulations exhibited an IBP endothermic peak but with smaller
intensity due to the low amount of IBP (20 w/w%) compared to DSC traces of
pure IBP. Additionally, it could be due to partial drug-polymer miscibility and
interaction.?%? The presence of the characteristic endothermic peak of IBP in all
physical mixtures indicates that the mixing process cannot change the solid

states of the API and excipients (Figure 7.8B).
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Figure 7.8. DSC thermograms of (A) pure raw materials and (B) physical mixtures.

The single shift in the baseline of unprocessed EC powder was observed at

around 132 °C, which could be attributed to its T,.'®” Additionally, De Brabander
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et al. pointed out that the T, of amorphous IBP was determined at -43.6°C."¢’
According to the Gordon-Taylor equation, the significant decrease in the T4 of EC
from 132°C to 115°C reflects the miscibility between IBP and EC in the physical
mixtures of Group 1 (IBP and EC without release modifiers) because the T4 of
physical mixtures lies between the Ty of two individual components.'®? This
decreasing effect of IBP on the Ty of EC can also confirm that IBP showed the

plasticizing effect and mobility enhancing effect on EC chains.'’*

7.3.1.4 XRD Analysis

XRD studies were conducted to analyze the physicochemical properties of raw
materials and the crystalline-amorphous transformation of the API through the
preparing process. XRD diffractograms of raw materials (Figure 7.9) were
illustrated to identify the original solid-state of IBP, polymer and various release
modifiers. Diffraction patterns of IBP showed an obvious crystalline nature due to
multiple sharp intense peaks at around 6.2°, 12.3°, 16.7°, 19.1°, 20.2° and 22.4°
(2-theta position), whereas other raw materials showed the halo structure which
is an indication of amorphous nature of these materials with an exception of
PEG.?®® The diffraction pattern of PVA and PEG 6000 revealed a complete

agreement of their semi-crystalline nature.'#"151.253
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Figure 7.9. XRD diffractograms of raw materials.

7.3.2 Characterization of Filaments

7.3.2.1 Surface Morphology

The filaments of F1, F5 and F6 were translucent and others had a slightly white
opaque appearance (Figure 7.10). This indicates that most release modifiers of
each group still existed in the form of particles after the HME process to some

extent except F5 and F6.%%4

Figure 7.10. Images of hot melt extruded filaments containing IBP.
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As shown in Figure 7.11, no defects, bubbles or holes were observed on the
cross-section or surface of all drug-loaded filaments. Homogeneous morphology
and the absence of drug crystals in SEM images of Group 1 (Figure 7.11A1 and
B1) illustrated that IBP was distributed evenly in the EC matrix of IBP containing
filaments.'”* However, a small number of IBP crystals could be seen in the
filaments of Groups 2 and 9 at high magnification when compared with other
groups. The external surface of hot melt extruded filaments in Groups 1, 3, 4,5
and 6 was smoother, possibly due to the better coalescence of the APl and
polymers during processing.'*® On the contrary, the roughness imperfections on
the surface of filaments in Group 2, and Group 7 to Group 14 might be contributed
to the low processing temperature during HME (80-100 °C) which is not high
enough for melt flowing and mixing of EC and release modifiers."”* According to
Crowley et al., the processing temperature has a significant effect on the surface
morphology of extrudates because lower processing temperature is related to
visible crystalline API particles and higher processing temperature can lead to

striated appearance.?°
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Figure 7.11. SEM images of (A) cross-section and (B) surface of filaments.

7.3.2.2 Mechanical Properties

Elasticity, stiffness, homogenous dimension and drug distribution are key factors
for filaments to be printed into high-quality dosage forms with FDM technology.?>°
Most pharmaceutical polymers possess high viscosity and poor melt flow
properties, which are undesirable factors for FDM.">” The filaments are required
to possess both suitable stiffness and elasticity.’’® Otherwise, those filaments
could not be printed successfully due to several states, such as fragmentation
(related to high brittleness), shear/erosion (related to lower resistance to traction),

buckle (high viscosity and /or low column strength) and so forth.48.255

The commercial PLA filaments (Figure 7.2) showed higher yield strength, Young’s
modulus and tensile strength when compared with hot melt extruded IBP loaded
EC filaments (Figure 7.12) due to higher stiffness. Filaments prepared without
release modifiers (F1) were used to ascertain the original printing properties of
IBP and EC. It is noteworthy that filaments prepared without release modifiers
(F1) exhibited slightly higher elongation at break than PLA filaments because of
lower brittleness. Filaments extruded with only IBP and EC (F1) displayed a
significantly higher tensile strength of 30 MPa than all other fabricated filaments
with the addition of various release modifiers (F2-14). Additionally, the elongation
at break of F1 (7.88%) was also the highest. Nasereddin et al. have pointed out
that pure Soluplus filaments showed almost no strain bearing capacity, which is
in agreement with the low elongation at break of F3 filaments.'>” The IBP-EC
filaments with the addition of Kollidon VA 64 (F10) and Kollidon 30 (F12) showed
similar mechanical properties. The addition of TEC in F13 can lower the
brittleness and stiffness of filaments in F10, whereas the addition of Eudragit

RSPO in F14 can increase the stiffness and brittleness slightly.
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Figure 7.12. Stress-Strain curves of various IBP-loaded EC filaments.

As shown in Table 7.3, the addition of these release modifiers decreased the
stiffness and increased the brittleness because of the significant decrease in both
tensile strengths and elongations at the break. No obvious difference could be
observed among F7, F8 and F9, indicating that the mechanical properties of
filaments prepared with the addition of HPMC K4M, E10M and K100M are similar.
Similar trends could be found in F5 (Eudragit RSPO) and F6 (Eudragit RLPO)
even though F5 showed the second-highest elongation at break (6.90%) among
all these 14 batches. The addition of plasticizer (TEC) can increase the strain
bearing ability and decrease the elastic modulus of F13 compared to F10

filaments.157.174.176

The strain hardening behavior could be applied as a parameter to evaluate the
conditions for material processing as it has a significant influence on strength and
ductility.?® As shown in Eq. 12, the strain hardening capacity (H.) was defined as
a ratio of the ultimate tensile strength (gyrs) to the yield strength (o, ). According
to Hall-Petch relationship, materials with the higher H,. value are considered as
ideal because they reflect homogeneous yielding and the increase in formability
and grain size.?®”?%® Strain hardening capacity is related to the material condition
as higher hardening capacity will lead to higher ductility.?*° As shown in Table 7.3,
the values of H. in F1 and F4 to F9 are all obviously higher than that of
commercial PLA filaments. Among them, the addition of HPMC E10M (F8), K4M
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(F7) and PEG 6000 (F4) can increase the value of H,. in IBP-EC filaments (F1).
However, the hardening capacity values of filaments in F3, F10, F11, F12 and
F14 are 0. In this case, these extruded filaments experienced a sudden fracture

during the tensile test without the strain hardening process.

ouTs
H. = -1
Oy

Eq. 12

Table 7.3. Mechanical properties of hot melt extruded IBP-loaded EC filaments
(n =3, mean £ SD)

Filament Yield strength  Tensile strength Elastic modulus Elongation  Strain hardening
(MPa) (MPa) (MPa) at break (%) capacity

PLA 50.43 + 0.97 54.64 + 2.02 2171.62 £62.13 6.38 £ 0.17 0.08 £ 0.06
F1 26.59 + 3.30 32.71+4.29 1099.37 + 0.06 7.88+1.29 0.23+£0.01
F2 16.84 +0.28 17.59 £ 0.54 1015.58 +116.19 2.96 £ 0.97 0.04 £0.01
F3 15.48 + 2.40 15.48 +2.40 1272.24 + 96.03 1.28+0.30 0+0

F4 13.05 + 2.09 15.15 +0.40 697.12 + 140.55 2.81+£0.06 0.26 £ 0.01
F5 15.50 + 0.86 17.99 +1.39 701.82 + 32.67 6.90 £ 0.79 0.16 £ 0.03
F6 14.18 +0.42 1552 +1.01 932.81 +47.35 453 +3.27 0.09 £ 0.04
F7 12.66 +0.35 17.46 £ 0.66 916.60 + 114.56 431+1.15 0.38 £ 0.09
F8 11.43+0.02 17.02+2.35 961.00 + 159.81 2.99 £ 0.37 0.54+£0.13
F9 13.09 £ 0.26 14.84 +0.08 707.00 = 129.50 2.96 £ 0.42 0.13+£0.02
F10 11.67 £2.98 11.67 £2.98 1068.67 + 227.76  1.13 +£0.07 0+0

F11 5.23+1.63 5.23+1.63 825.05 + 60.01 0.65+0.16 0+0

F12 12.19+1.41 12.19+1.41 966.50 + 120.75 1.48 +0.54 0+0

F13 8.89 £2.02 9.51+£2.49 457.27 + 79.36 2.79+£0.90 0.06 £ 0.04
F14 9.66 £ 3.51 9.66 £ 3.51 1183.67 £ 202.46  0.80 £0.20 0+0

All these prepared filaments showed no breaking or squeezing problems during
the 3DP process, indicating suitable mechanical properties of these filaments for

FDM 3DP and the fabrication of high-quality 3D printed tablets.

7.3.2.3 XRD Analysis of Filaments

The peaks of XRD traces of physical mixtures (Figure 7.13A) are in good
consistent with the peaks of IBP in each batch because EC and most of the
release modifiers (Soluplus, Eudragit RL PO/RS PO, HPMC K4M/E10M/ K100M,
Kollidon VA 64/17PF/30) exist in the amorphous state. No characteristic peaks
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for IBP were detected in the diffractograms for the extruded filaments (Figure
7.13B), confirming the absence of crystalline IBP in the extruded filaments with
the 20 w/w% drug load. It suggests that HME processes had a significant effect
on the crystallinity of the APIl. The XRD diffractograms of drug-loaded hot melt
extruded filaments from all groups only reflect the EC characteristic peaks.
Multiple high-intensity peaks of IBP were not seen in the XRD patterns of
filaments, mainly because of the formation of the IBP solid dispersion in the

filaments which overshadowed its crystalline nature.?*°
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Figure 7.13. XRD diffractograms of (A) physical mixtures and (B) hot melt
extruded filaments of all groups when compared with pure ibuprofen.

7.3.2.4 TGA of Filaments

The thermal stability of these hot melt extruded filaments was evaluated by TGA
to understand how each filament performs during the FDM 3D printing process.?’°
As shown in Figure 7.14, these extruded filaments showed no higher than 5%
weight loss up to 200°C, where thermal degradation begins to occur. Based on
this result, all filaments are predicted to remain thermally stable throughout the

FDM 3D printing process at 178°C.
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Figure 7.14. Thermal degradation profiles of hot melt extruded filaments in all

groups.
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7.3.2.5 Drug Content Determination

During the HME and FDM processes for developing amorphous dispersions,
identifying drug loading is vitally important for checking the chemical and physical
stability of the final formulation.?°® Ethanol was used to completely dissolve EC
based filaments and 3D printed tablets.'®® The percentage of IBP in the filaments
was shown in Table 7.4. Reasonable under-content or overage is common and
acceptable in pharmaceutical products across regulatory agencies.?*® This
indicates that there is no major loss or degradation of IBP during the extrusion

processes.

Table 7.4. Drug loading and dose accuracy (mean + standard deviation) of
filaments in each group

Group Theoretical drug Filaments
loading (%) Drug Loading (%) Dose Accuracy (%)
Gl 20 20.09 £ 0.10 100.47 £ 0.52
G2 20 20.72 £0.13 103.62 £ 0.64
G3 20 20.14 £ 0.20 100.72 +1.01
G4 20 19.98 + 0.06 99.92 +0.30
G5 20 19.99 +0.18 99.94 + 0.89
G6 20 19.98 + 0.04 99.92 +0.20
G7 20 20.03 £ 0.26 100.16 +1.29
G8 20 19.97 +0.29 99.86 + 1.45
G9 20 19.97 +0.28 99.83+1.40
G10 20 20.42 £0.42 102.12 +2.11
Gl1 20 20.38 £ 0.07 101.92 + 0.37
G12 20 20.08 £ 0.11 100.42 + 0.57
G13 20 20.75 £ 0.17 103.75 + 0.83
G14 20 19.92 £ 0.44 99.62 +2.19

7.3.2.6 In Vitro Dissolution Studies

The drug dissolution behaviors from hot melt extruded filament segments and
directly compressed physical mixture tablets were evaluated. The main polymer
in this study was EC, which is barely soluble in water and has been applied in
producing sustained-release tablets by direct compression.’#?9" As expected,

the directly compressed physical mixture tablets (in Group 1) released only 37%
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of IBP within 24 h (Figure 7.15A). However, tablets from other groups exhibited
different dissolution behaviors. Typically, the dissolution rate of tablets from
Groups 7, 8 and 9 (physical mixtures of IBP, EC and HPMC) showed the fastest
among all fourteen formulations studied, although the addition of PVA, Soluplus,
PEG and Kollidon can also enhance drug release to some extent in Groups 2, 3,
4 and 10-12. On the contrary, the incorporation of Eudragit RSPO (Group 5) or

RLPO (Group 6) showed a reduction in drug release.

Generally, the drug release rate from filament segments (Figure 7.15B) is much
lower than directly compressed physical mixture tablets due to the compacted
nature of the molten polymers. It is clear from the results, the addition of Soluplus
in F3 has an increasing effect on the dissolution rate of the IBP and EC matrix
when compared with other filaments. Many researchers proved that Soluplus, a
water-soluble polymer, could be used to increase the dissolution of poorly soluble
drugs during the preparation of hot melt extruded solid dispersions.'®" Although
Soluplus has promising thermostability and extrudability in pharmaceutical HME,
pure hot melt extruded Soluplus filaments are not FDM printable.’®" The excellent
thermoplastic and FDM printability of PVA make it a benchmark release modifier
in this study."" Similarly, PEG was also applied to improve the FDM printability
of the blends and have a plasticizing effect on poorly water-soluble drugs.'®’
Many studies pointed out that diffusion is the main mechanism for the API to be
released from the insoluble macromolecular matrix of Eudragit.'®® Eudragit®
RLPO and RSPO are both copolymers of acrylic and methacrylic acid esters.?’"
Eudragit® RLPO exhibits more permeable to aqueous media than Eudragit®
RSPO because of the higher molar ratio of ionizable groups.?’" As a result, the
drug release rates of extruded filaments and physical mixture tablets in Group 6
are both slightly higher than those in Group 5. Commonly, sustained-release
compacts prepared with higher viscosity grades of HPMC result in a decrease in
the drug release rate because of stronger polymer entanglement and slower

polymer erosion.’®' However, it has been proved that hot melt extrudates
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prepared with IBP, EC and higher viscosity grades of HPMC will show a faster
drug release rate and higher initial burst drug release when compared with similar
extrudates containing lower viscosity grades of HPMC.'%81°" The possible
reasons are: (1) the high drug load and the presence of EC can weaken the
HPMC chains entangled within the matrix; (2) the higher water uptake and
swelling capability of higher viscosity HMPC grades can make the matrix more
accessible to the dissolution medium.'81°" The viscosity of HPMC used in this
study was in the order of K4M < E10M < K100M.?"? This is in good agreement
with the order of drug release rates for their filaments (Figure 7.15B). It can be
observed that the Kollidon® VA64, 17PF and 30 showed similar increasing effects
on the dissolution rate of hot melt extruded filaments of the IBP-EC matrix. It is
noteworthy that the dissolution rate of F14 decreased significantly with the
addition of Eudragit® RSPO when compared with F10 as it can be seen that F5
showed the lowest dissolution rate among all groups. All these data indicate that
the behaviors of polymers in their physical mixtures and in the filament are
entirely different and the drug release from filaments cannot be predicted based

on the dissolution data of physical mixtures of IBP and polymers.
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Figure 7.15. In vitro drug release study of (A) physical mixture tablets and (B)
filament pieces (n = 3).

7.3.2.7 Determination of Drug Release Kinetics

The dissolution data of tablets prepared by direct compression and filaments
were plotted based on the zero-order, first-order, Higuchi and Korsmeyer-Peppas
equations and calculated kinetic parameters with fitting results are summarized
in Table 7.5. The best fit for the kinetics of almost all tablets and filaments was
obtained with the Korsmeyer-Peppas model (Figure 7.16). The n values of
physical mixture tablets are much lower and in some groups (Groups 1, 3, 5, 10-

14) are less than 0.45 (indicating Fickian diffusion).*’*

Table 7.5. Drug release kinetics parameters of physical mixture tablets and
filaments for various drug release models

Tablets of Physical Mixtures Filaments
Group  Parameter Zero-  First- ) ~ Korsmeyer- Zero-  First- ) .~ Korsmeyer-
order  order Higuchi Peppas order  order Higuchi Peppas

R2ad; 0.691 0.792 0.983 0.999 0.928 0.934 0.977 0.998
1 AIC 183 172 105 35 49 47 11 -34

n 0.408 0.658

R2ad; 0.780 0.964 0.997 0.999 0.923 0.989 0.982 0.997
2 AIC 502 401 245 150 98 93 72 23

n 0.542 0.665

R2ad; 0.514 0.795 0.971 0.986 0.914 0.954 0.989 0.999
3 AIC 515 470 352 302 157 140 97 27

n ---- ---- ---- 0.424 ---- ---- 0.626

R2ad; 0.629 0.833 0.996 0.998 0.912 0.928 0.976 0.989
4 AIC 496 450 238 188 102 96 58 43

n 0.453 0.640

R2ad; 0.178 0.357 0.922 0.997 0.941 0.945 0.961 0.993
5 AIC 452 439 318 166 27 26 20 -25

n 0.344 0.669

RZad; 0.798 0.868 0.987 0.997 0.964 0.968 0.938 0.983
6 AIC 401 377 251 174 51 48 66 27

n 0.478 0.771

RZag) 0.843 0991 0993  0.999 0.886 0.903 0.998  1.000
7 AIC 499 335 322 136 95 91 -15 =77

n 0.647 0.572
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RZaq 0.872 0.989 0.989 1.000 0.891 0.905 0.998 1.000
8 AIC 208 141 138 28 89 85 3 -61
n 0.651 0.581
RZaq 0.879 0.997 0.987 0.999 0.934 0.954 0.995 1.000
9 AIC 208 110 149 20 115 105 38 -16
n 0.684 0.619
RZagj 0.572 0.788 0.976 0.999 0.530 0.624 0.974 0.996
10 AIC 216 197 138 65 171 165 93 48
n 0.404 0.384
RZaq 0.392 0.704 0.951 0.999 0.246 0.386 0.917 0.999
11 AIC 227 207 159 51 184 179 125 20
n 0.358 0.318
RZagj 0.470 0.740 0.964 0.998 0.800 0.852 0.995 0.996
12 AIC 221 204 151 64 151 143 55 50
n 0.377 0.475
RZagj 0.286 0.479 0.927 0.999 0.588 0.675 0.985 0.999
13 AIC 198 190 139 31 165 160 77 16
n 0.326 0.402
R?agj 0.492 0.672 0.965 0.997 0.709 0.743 0.995 0.997
14 AIC 204 192 132 65 119 116 6 -9
n 0.376 0.461
A R2,4 values of physical mixture tablets for various drug release models
1 A
0.9
08
07
5_3“ 0.6
;_'(15
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Figure 7.16. The adjusted coefficient of determination (R?aq) values of (A)
physical mixture tablets and (B) filaments for various drug release models.

7.4 Conclusion

In this chapter, IBP (as the model drug) and EC (as the polymeric matrix), along
with various release modifiers, were blended and extruded into filaments through
a twin-screw extruder. EC polymers with various molecular weights (viscosity
grades) were applied to fabricate IBP loaded filaments. A comprehensive
characterization was made to select the most suitable filament formulation for the
following FDM 3D printing process. Due to the excellent performance of the IBP-
EC 10 filament, the Ethocel™ Standard 10 Premium was selected as the main
polymer matrix. To modulate the FDM printability and release behavior of the IBP
loaded filaments, various release modifying materials, namely, PVA, Soluplus,
PEG 6000, Eudragit® RL PO/RS PO, HPMC K4M/E10M/K100M, Kollidon® vinyl
acetate 64 (VA 64)/17PF/30 were added into the formulation. We successfully
fabricated various solid dispersion filaments with IBP in an EC and release
modifiers matrix through the HME process, which all showed good mechanical
properties. The mechanical characterization showed that the filament stiffness
and brittleness could be adjusted significantly by changing the type of release
modifiers. Furthermore, in vitro drug release studies revealed that these release
modifying materials can adjust the drug release rate significantly. In comparison
with directly compressed physical mixture tablets, slower drug release can be

obtained from these hot melt extruded filaments.
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8. Chapter 8: Fused Deposition Modelling 3D
Printed Devices Prepared Using Filaments

8.1 Introduction

Pharmaceutical polymers have been widely applied in HME formulations, such
as synthetic cellulose derivatives, methacrylate polymers, polyvinyl pyrrolidone
(PVP), polyethylene oxide (PEO) and pyrrolidone-co-vinyl acetate.’®> However,
only 30 materials are available commercially for the FDM process, whereas there
are more than 3000 materials that are suitable for other HME-based
processes.'”? It is difficult to fabricate suitable hot melt extruded filaments for the
following 3D printing process due to the importance of filament mechanical
characteristics.?’”® Melt-blending can provide a cost-effective, convenient and
mature solution by combining two or more different polymers with various
properties into a single matrix material.’”32%° As a result, the final dosage form
can be designed and fabricated with suitably flexible properties to overcome the

material shortcomings of polymers for the FDM process.

Conventional manufacture of zero-order release dosage forms is complicated,
time-consuming, difficult and low in flexibility.?’* In recent years, additive
manufacturing technology has been developed into a promising platform to
fabricate sustained-release tablets or implants with many advantages, such as
the ability to prepare objects in almost any shape to meet the growing need for
personalized medicine.'®®2% It has been proved that 3DP can be of great
importance in many practical medical applications which are required to meet a
wide range of anatomical and pathological requirements, like vaginal rings and
localized cancer treatment.’?®'%8 |n addition, although the HME can be used to
improve the solubility and bioavailability of poorly soluble drugs, the combination
of HME and FDM 3DP into a continuous process can become a promising

strategy for the preparation of patient-centred and abuse-deterrent dosage forms
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of opioids,?’® offer a cost-effective and convenient manufacturing platform for
sustained release DDSs,?’® fabricate zero-order release dosage forms consisting
of an insoluble shell and a controlled release core,?’* create osmotically
controlled dosage forms with a core-shell structure for achieving sustained and/or
delayed-release,?’’ develop floating zero-order release dosage forms with
complex hollow structure,?’® provide an alternative to the development of
multilayer polypills with optimized release profiles for individualized therapy,?”®
and prolong the drug release from dosage forms in a continuous and controlled

manner simultaneously.'

Although HME has been used in combination with FDM 3DP, suitable feedstock
materials such as polymeric filaments with optimum properties are still limited. In
this chapter, various release modifying excipients, namely, poly(vinyl alcohol)
(PVA), Soluplus®, PEG 6000, Eudragit® RL PO/RS PO, hydroxypropyl
methylcellulose (HPMC) K4M/E10M/K100M, Kollidon® vinyl acetate 64 (VA
64)/17PF/30, were used as a release modulating tool to control the drug release
from 3D printed sustained-release tablets. Hot melt extruded filaments were
printed into cylindrical tablets through the FDM 3DP technique and their surface
morphology, thermal stability, solid-state, mechanical properties, dose accuracy
and drug release behaviors were investigated. In the current research, tablets
were also prepared using a manual tablet compression machine by mixing all raw

materials prior to direct compression and compared with 3D printed tablets.

The purposes of this research were (1) to develop suitable materials for preparing
HME filaments and FDM 3DP of sustained-release tablets, (2) to compare the
impact of different release modifiers on the mechanical properties and drug
dissolution behaviors of filaments and FDM 3D printed tablets, and (3) to test the
applicability of these processes in the preparation of 3D printed objects for
achieving adjustable drug release profiles. For these purposes, a comprehensive

evaluation of the suitability of a series of EC formulations containing both IBP and
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a range of release modifiers for HME and FDM 3DP processes was conducted.

8.2 Methods

8.2.1 3D Printing of Tablets
Refer to the Section 2.4.5.

8.2.2 Characterization of Tablets

The weight, diameter and thickness of tablets from each batch were assessed for
uniformity (n = 3). The diameter and thickness of 3D printed tablets were
measured using a digital micrometer (Series 293 MDC-MX Lite, Mitutoyo Ltd.,
Hampshire, UK). Then the weight of tablets was measured accurately using a

digital analytical balance (Sartorius, 0.1 mg).

8.2.3 SEM of Tablets
Refer to the Section 2.5.4.

8.2.4 DSC Analysis
Refer to the Section 2.7.2.

8.2.5 XRD

Refer to the Section 2.6.

8.26 TGA

Refer to the Section 2.7.1.2.

8.2.7 Determination of Drug Content

Refer to the Section 2.9.3.



177

8.2.8 In Vitro Drug Dissolution Studies

Refer to the Section 2.9.4.

8.3 Results and Discussion

8.3.1 Surface Morphology

The physical characteristics of tablets printed with filaments were evaluated. As
shown in Table 8.1, the ability of fabricated filaments to reproduce the
predesigned 3D structure was high. The tablets in each group were found to have
uniform weights, diameters and heights with acceptable variation (Table 2.4 and
Figure 8.1). The weight variations seen for these batches could be attributed to
the differences among the fluidity potentials of these release modifiers.'*® Raw
materials with enhanced mechanical and rheological properties can lead to a
higher extrusion rate, then bigger and heavier final tablets could be produced.
The geometry of these tablets is relatively constant with similar surface
area/volume ratios from 1.32 to 1.40. Because the mechanical strength of these
tablets was high, the friability values were zero and conventional hardness test

methods are not feasible for FDM 3D printed formulations. 74280

Table 8.1. Physical parameters for 3D printed tablets (n = 3, mean = SD).

3DP ] Diameter Height Density Surface area Surface
Weight (mg) Volume (mm3)
Tablets (mm) (mm) (mg/mm3) (mm?) area/volume
Group 1 116.00 £5.02 9.67+0.12 221+0.09 16243+3.18 0.71+£0.04 214.07+1.87 1.32 £0.03
Group 2 119.73+£5.65 9.74+0.15 2.14+0.13 159.20+12.35 0.75+0.03 214.41+7.92 1.35+0.06
Group 3 14497 +1.12 9.84+0.19 213+0.09 162.09+11.35 0.90+0.06 217.99+8.84 1.35+0.05
Group 4 137.17+1.00 9.71+0.24 212+0.11 156.57+9.71 0.88+0.05 212.53+8.60 1.36 £ 0.05
Group 5 116.17+4.10 9.82+0.10 2.10+0.04 15859*5.67 0.73+£0.03 216.00 +4.58 1.36 £ 0.02
Group 6 118.73+4.36 9.78+0.15 2.09+x0.05 156.90+6.84 0.76+0.05 214.30%6.22 1.37 £0.03
Group 7 126.13+4.55 9.58+0.01 214+0.05 154.62+3.37 0.82+0.05 208.77+1.45 1.35+0.02
Group 8 130.53+0.78 9.80+0.12 2.02+0.05 152.25+6.48 0.86+0.03 212.97+5.39 1.40 £ 0.03
Group 9 13547 +£5.06 9.85+0.12 2.07+0.01 157.62+3.59 0.86+0.05 216.36+*4.26 1.37+£0.01
Group 10 116.43+3.32 9.64+0.09 2.03+0.05 148.24+580 0.79+x0.05 207.43+4.45 1.40 £ 0.03
Group 11  113.20+1.40 9.76+0.23 2.01+0.02 150.68+7.36 0.75+0.04 211.41+8.69 1.40+£0.01
Group 12 102.37+3.40 9.61+0.21 2.15+0.04 155.90+10.07 0.66+0.04 210.06 +9.16 1.35+£0.03
Group 13 103.30+£1.30 9.51+0.11 2.12+0.08 150.53+8.97 0.69+0.03 205.34+6.16 1.37 £0.04
Group 14 118.10+161 9.70£0.05 2.11+0.04 156.00+4.21 0.76+0.02 212.09 +2.90 1.36 £ 0.02
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Figure 8.1. Images of 3D printed tablets prepared with hot melt extruded filaments.

The SEM images of 3D printed tablets (Figure 8.2A and B) illustrated that IBP
was distributed in the tablets homogenously after further exposure to heat. The
excellent surface morphology of all these 3D printed tablets confirmed that the
formulation composition of 14 groups is suitable for HME and FDM 3DP

processes.
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Figure 8.2. SEM images of top surface of 3D printed tablets loaded with IBP in
Group 1, 2, 3,4, 5,9, 10, 13 and 14.

8.3.2 DSC Analysis

A complete absence of the IBP endothermic peak in the IBP loaded extruded
filaments (Figure 8.3A) and 3D printed tablets (Figure 8.3B) from all groups was
attributed to the conversion of IBP from the crystalline state to the amorphous
state during the HME process.'® It is noteworthy that the endothermic peak of
PEG could be observed in F4 filaments instead of 3D printed tablets because
semi-crystalline PEG was transformed into the amorphous state mainly during

the printing process.
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Figure 8.3. DSC thermograms of (A) hot melt extruded filaments and (B) 3D
printed tablets of each group.

8.3.3 XRD Analysis
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Figure 8.4. Comparison of XRD diffractograms of each group.

No characteristic peaks for IBP were detected in the diffractograms for the
extruded filaments and 3D printed tablets (Figure 8.4), confirming the absence of
crystalline IBP in the extruded filaments and 3D printed tablets with the 20 w/w%
drug load. It suggests that HME and 3DP processes had a significant effect on
the crystallinity of the API. The XRD diffractograms of drug-loaded hot melt
extruded filaments and 3D printed tablets from all groups only reflect the EC
characteristic peaks. Multiple high-intensity peaks of IBP were not seen in the
XRD patterns of filaments or 3D printed tablets, mainly because of the formation
of the IBP solid dispersion in the filaments or 3D printed tables which

overshadowed its crystalline nature.?*°

8.34 TGA

The TGA results of 3D printed tablets in all groups are shown in Figure 8.5. The
initial weight loss below 100°C was attributed to the evaporation of absorbed
moisture.?®’ Most of these tablets exhibited rapid weight loss above 200°C due
to the chemical degradation that produced volatiles. The obvious weight loss from

200°C is probably due to the onset of thermal degradation for all these tablets.
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Figure 8.5. Thermal degradation profiles of 3D printed tablets in all groups.

8.3.5 Drug Content Determination

The percentage of IBP in 3D printed tablets was shown in Table 8.2. This
indicates that there is no major loss or degradation of IBP during the printing
processes. When the printing temperature is set below the degradation
temperature of filaments according to the TGA results, degradation of ibuprofen
is presumed to be negligible due to the limited retention time of filaments within
the heated nozzle of the printer with a high printing speed.'*® The good drug
content uniformity in IBP containing filaments (Table 7.4) and 3D printed tablets
illustrated that the HME process can provide an effective method for loading IBP

into EC polymer matrix homogeneously and minimizing the drug content
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differences among the 3D printed tablets.’”* Consequently, the drug loading in
the filaments or 3D printed tablets was 20 w/w%, which allowed for adjusting the

amount of IBP by controlling the total weight of the final products.

Table 8.2. Drug loading and dose accuracy (mean + standard deviation) of 3D
printed tablets in each group
Theoretical drug

3D Printed Tablets

Group loading (%) Drug Loading (%) Dose Accuracy (%)
Gl 20 19.94+0.05 99.70+0.24
G2 20 19.98+0.20 99.88+1.00
G3 20 20.06+0.14 100.32+0.71
G4 20 20.07+0.06 100.37+0.29
G5 20 20.2840.10 101.39+0.50
G6 20 20.03+£0.99 100.14+4.94
G7 20 20.00£0.40 99.98+1.99
G8 20 19.96+0.17 99.79+0.87
G9 20 20.05+0.11 100.25+0.57
G10 20 19.96+0.27 99.78+1.35
G11 20 19.93+0.61 99.67+3.07
G12 20 19.97+0.42 99.86+2.12
G13 20 20.01+0.61 100.05+3.06
G14 20 20.16+0.19 100.82+0.94

8.3.6 In Vitro Dissolution Studies

The dissolution efficiency, the area under the dissolution curve, was calculated to
analyze whether the behavior of the release modifier added to the formulation is
the same trend when it is subjected to HME or 3DP process.?®? The results were
shown in Figure 8.6. The figure showed that the data were scattered everywhere,
and no pattern and correlation can be deduced from the figures. This indicates
that the behavior of polymers (release modifiers) can be changed via the HME or

FDM 3DP process.
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Figure 8.6. Correlating dissolution efficiency of physical mixture tablets, filaments
and 3DP tablets.

Generally, the dissolution profiles of 3D printed tablets (Figure 8.7) showed a
slightly faster release than filaments (Figure 7.15B) because of the denser
structure of filaments generated via thermal treatment during the HME

process.’®* 3D printed tablets of Group 1 released only 16% of IBP within 24 h.
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The incorporation of Soluplus (Group 3), PEG (Group 4) and Eudragit (Groups 5
& 6) decreased the drug release rate. However, other release modifiers can
enhance the drug release rate. When Kollidon 30 was applied as the release
modifier (Group 12), 3D printed tablets had the highest release rate with more
than 47% drug content released after 24 h, which is two times higher than in

Group 1.
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Figure 8.7. In vitro drug release study of 3D printed tablets (n = 3).

Consequently, these fabricated IBP-EC 3D printed tablets showed various
dissolution profiles with the polymer blending method. By changing the type and
concentration of release modifiers, the drug release rate from 3D printed tablets
could be modulated. If the drug release rate from these 3D printed tablets is
required to be further enhanced, lower fill density could be applied because an
increase in the surface area/mass ratio of tablets can lead to the improvement in

water permeation and drug diffusion.>

8.3.7 Determination of Drug Release Kinetics

The dissolution data of 3D printed tablets were plotted based on the zero-order,
first-order, Higuchi and Korsmeyer-Peppas equations and calculated kinetic
parameters with fitting results are summarized in Table 8.3. The best fit for the
kinetics of almost all tablets was obtained with the Korsmeyer-Peppas model. In

each group, 3D printed tablets showed significantly higher n values than
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physical mixture tablets (Table 7.5) except Groups 7-9 (with the addition of
HPMC). The possible reason is the high swelling capacity of HPMC makes HPMC
swell and form a viscous layer, the diffusion and swelling rates are comparable
in physical mixture tablets.**® Hence, the release of IBP from IBP loaded 3D
printed tablets of all groups could occur by diffusion of water through EC and
release modifiers matrix and swelling/relaxation of chains between EC and
release modifiers.’’* Among them, the 3D printed tablets from Group 4 showed
the highest n value (0.817) indicates that the IBP release of these tablets almost

followed zero-order kinetics, and this is consistent with the parameters in the
zero-order model because of its highest Rﬁdj (0.9876) and lowest AIC (53.15)
values. It is necessary to mention that 3D printed tablets from all groups (except

Group 10-13) presented a near-zero-order release with RZ, ;i >09.

Table 8.3. Drug release kinetics parameters of 3D printed tablets for various drug
release models

3D printed tablets

Group Parameter ) ) )
Zero-order  First-order Higuchi  Korsmeyer-Peppas

R2agj 0.961 0.970 0.973 0.992
1 AIC 101 93 57 48

n 0.696

R2agj 0.921 0.944 0.995 0.999
2 AIC 122 113 36 -13

n 0.610

R2agj 0.966 0.971 0.914 0.983
3 AIC 51 47 99 33

n 0.672

R2agj 0.988 0.991 0.967 0.9974
4 AlC 53 45 67 -1

n 0.817

R2agj 0.916 0.930 0.973 0.996
5 AIC 79 76 45 6

n 0.648

RZaq 0.942 0.958 0.966 0.999
6 AIC 97 92 82 15

n 0.685
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RZagj 0.937 0.973 0.985 0.999
7 AIC 147 125 102 47

n 0.660

R2aqj 0.984 0.994 0.973 0.999
8 AIC 99 74 91 1

n 0.737

RZaqj 0.953 0.984 0.979 1.000
9 AIC 138 113 102 1

n 0.674

RZaqj 0.834 0.929 0.998 0.998
10 AIC 161 148 51 46

n 0.553

R2agj 0.782 0.842 0.999 0.999
11 AIC 152 145 15 4

n 0.445

R2agj 0.894 0.953 0.999 0.999
12 AIC 172 150 47 49

n 0.518

R2agj 0.871 0.931 0.996 0.998
13 AIC 168 151 77 58

n 0.474

R2agj 0.914 0.932 0.987 0.999
14 AIC 110 104 61 -23

n 0.631

IBP loaded 3D printed tablets showed a significantly lower release rate of IBP
compared to directly compressed physical mixture tablets (Figure 8.8). Therefore,
the HME and FDM printing processes not only decreased the IBP release rate
from 3D printed tablets but also changed the drug release mechanism from the
diffusion of directly compressed tablets to the diffusion and erosion of 3D printed

tablets. Furthermore, these IBP loaded 3D printed tablets show great potential in

releasing IBP in a zero-order reaction.
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R?,4 values of 3D printed tablets for various drug release models

1 2 3 4 5 8 7 8 9 10 " 12 13 14
Group

mZerc-order mFirst-order mHiguchi Korsmeyer-Peppas

Figure 8.8. The adjusted coefficient of determination (R2aqj) values of 3D printed
tablets for various drug release models

The drug release mechanism was further verified by SEM. The cross-sections of
3D printed tablets in Group 9 before and after dissolution are shown in Figure 8.9.
A large number of pores and cracks could be observed in Figure 8.9B. This
indicates that ibuprofen gradually released and the EC-release modifier matrix
slowly eroded during the 24 hours.’>* The observation was consistent with the

drug release mechanism of diffusion and erosion.
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Figure 8.9. Cross-section of 3D printed tablets in Group 9 at (A) 0 h and (B) 24 h
during dissolution, observed by SEM.

8.3.8 3D Printed Reservoirs Using Various Filaments

According to the drug release kinetics parameters of all 3D printed tablets,
filaments from Group 4 of 20% IBP, 60% EC and 20% PEG 6000 (w/w) were
selected to fabricate the reservoir due to its potential to release IBP in the zero-
order model. The photograph of the reservoir printed using a MakerBot Replicator
2X 3D Printer according to the CAD model (Figure 2.2) is shown in Figure 8.10.
The morphology and mechanical properties of the reservoir printed using F4 are
similar to the PLA reservoir printed using a Robo R2 3D printer. Furthermore,
different reservoirs could be printed using filaments from other groups for

achieving slower or higher drug release requirements.

Figure 8.10. Images of FDM 3D printed reservoir using hot melt extruded
filaments from Group 4

8.4 Conclusion

All these 3D printed tablets possess elegant appearance, suitable mechanical
properties, and good constancy in both physical parameters and drug content. It
has been proved that by only changing the release-modifying agents, a tunable

release profile of the model drug from various 3D printed tablets can be achieved.
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Hot melt extruded filaments prepared with a proportion of 20% IBP, 60% EC and
20% release modifiers (w/w) exhibited high processability for the preparation of
tablets using FDM 3DP technique. The solid-state analysis of 3D printed tablets
exhibited the amorphous nature of the drug dispersed in the polymer matrices.
Moreover, in vitro drug release studies revealed that the drug release could
simply be controlled over 24 h by only changing the type of release modifiers. All
IBP loaded 3D printed tablets with EC matrix, especially with PEG as the release
modifier, showed great potential in releasing IBP in a zero-order reaction. In
conclusion, all results illustrated that the HME-FDM approach and optimized
formulation compositions can be an attractive option for the development of
pharmaceutical tablets and implants where adjustable drug release patterns are

necessary.

In order to inhibit the inflammatory response caused by the DDS, ibuprofen was
utilized in fabricating the reservoir with site-specific and controlled release. This
chapter proved the suitability of preparing several modified dosage forms of IBP
and EC using FDM 3DP technology with various pharmaceutical-grade polymers.
All these results illustrated that these dosage forms developed in this study are

promising candidates for sustained release devices and implants development.



192

9.Chapter 9: General Discussions and
Future Work

9.1 General Discussions

Various medical treatments of gastrointestinal diseases have been studied,
including oral drug delivery, microrobots, traditional endoscopes and capsule
endoscopes.'® As a major health burden worldwide, cancer is a sophisticated
and multifactorial disease which has been well known for high mortality and
recurrence rates.’%35283 There are various therapeutic approaches for the
treatment of different kinds of cancers, including chemotherapy, targeted therapy,
surgical resections, and radiation.?®> Among them, chemotherapy is the most
common therapy method.?®? Due to the low therapeutic efficacy of chemotherapy
and poor targeting ability of chemotherapeutic drugs, serious side effects on
healthy rapid proliferating cells have caught much attention.*® A high dose of
chemotherapeutic drugs was required due to the low therapeutic indices, this will
lead to multi-drug resistant cancers.'® Therefore, it is a biologically demanding
and technically challenging task to improve the efficacy of chemotherapeutic
drugs in cancer.?® The development of DDSs is an efficient method for enhancing

the efficiency and safety of chemotherapeutic agents.

This project provides some insights for the future development of magnetic field
triggerable DDSs using 3D printing technologies. From the DDS which composed
of an anticancer drug, 5-fluorouracil (FLU) solution loaded magnetic PDMS
sponge cylinder and a 3D printed NSAID (IBP) loaded reservoir, the FLU release
can realize a switch between the “on” and “off” state easily through the application
of different magnetic fields and from different directions. Owing to the satisfactory
results of in vitro dissolution test, flaments composed of 20% IBP, 60% EC and
20% PEG 6000 (w/w) were applied to print the reservoir for achieving the release

of IBP in a zero-order reaction. Consequently, the 3D printed reservoir has great
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potential in delivering anti-inflammatory drugs to the implant site.

In Chapter 3, different concentrations of Cl and Fe3O4 particles were embedded
as magneto-sensitive materials in PDMS resins for the fabrication of
macroporous sponges via a sugar-templated process. According to the
evaluation for their morphology, the particle size of magnetic particles, solid-state,
porosity, elastic modulus, deformation under a magnetic field and dielectric
constant, the 100 w/w% CI/PDMS sponge has been proved to be a promising
candidate as scaffolds for delivering drug solutions in the local treatment of
diseases and further applications in innovative medical devices. However, the
deformation of these sponge cylinders under the magnetic field of 355 mT is not

higher than 10%.

In Chapter 4, the macroporous PDMS sponges were optimized by controlling the
fabrication process for increasing the porosity and magnetic field sensitivity. The
100 w/w% CI/PDMS sponge cylinder prepared with demerara sugar and PDMS
prepolymer/curing agents = 25:1 w/w showed the maximum compression (35%)
under the magnetic field of 355 mT. Besides, the study showed that these
magnetic sponges can be reused as the water absorption capacity of the
prepared Cl-loaded PDMS sponge did not change after 10 absorbing/desorbing
cycles. All these promising features and simple fabrication make the Cl-loaded
PDMS sponge a superior scaffold for delivering drug solutions in the local

treatment of diseases and further applications in innovative medical devices.

In Chapter 5, an optimized PB 3D printing process is applied for the fabrication
of oral dosage forms, such as tablets with varying shapes and morphologies. A
detailed investigation of the powder compositions revealed that particle size, flow,
and morphology play pivotal roles in the printing process. The produced tablets
were then coated with various anticancer drug solutions, where drug particles

were observed homogenously dispersed throughout the surface of the printed
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tablets. Furthermore, the PB 3D printing process demonstrated in this research
was able to adjust the dose, release rate, and drug loading by changing the
formulation composition and the processing parameters. According to the in vitro
dissolution test, the 5-fluorouracil solution of 2.5% (w/v) concentration will be

further applied in the development of the novel magnetic field triggerable DDS.

Chapter 6 illustrated the design and development of a novel implantable drug
delivery device assembled from a magnetic PDMS sponge cylinder and a 3D
printed PLA reservoir to provide a triggerable and remotely controllable system
for on-demand drug delivery in localized disease treatment. In addition, the drug-
releasing dose and timing can be reliably and flexibly controlled by different
applications of the magnetic field to fit the prescribed needs. The switching “on”
state of drug-releasing could be realized by the magnetic bar contacted with the
side part of the device because the times at which 50%, 80% and 90% (w/w) of
the drug were dissolved are observed to be 20, 55 and 140 min, respectively. In
contrast, the switching “off” state of drug-releasing could be realized by the
magnetic bar placed at the bottom of the device as only 10% (w/w) of the drug
could be released within 12 h. Furthermore, this device has the potential to be
optimized as a safe and long-term implant because of its large drug loading ability.
It can be the key component of a multi-functional, implantable and smart drug
delivery system for the controlled release of therapeutic substances to avoid

frequent injections or various sophisticated dosing regimens.

In Chapter 7, EC polymers with various molecular weights (viscosity grades) were
applied to fabricate IBP loaded filaments through HME. The obtained filaments
were subjected to a comprehensive characterization and analysis in order to
select the most suitable filament formulation for the FDM 3D printing process.
Due to the excellent performance of the IBP-EC 10 filament, the Ethocel™
Standard 10 Premium was selected as the main polymer matrix. To modulate the

FDM printability and release behavior of the IBP loaded filaments, various release
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modifying materials, namely, PVA, Soluplus, PEG 6000, Eudragit® RL PO/RS PO,
HPMC K4M/E10M/K100M, Kollidon® vinyl acetate 64 (VA 64)/17PF/30 were
added into the formulation. Various solid dispersion filaments with ibuprofen in an
EC and release modifier matrix were successfully fabricated through the HME
process, which all showed good mechanical properties. Furthermore, in vitro drug
release studies revealed that these release modifying materials can adjust the
drug release rate from these filaments significantly. In comparison with directly
compressed physical mixture tablets, slower drug release can be obtained from

these hot melt extruded filaments.

In Chapter 8, all these prepared filaments could be successfully printed without
failing during the FDM 3DP process. These 3D printed tablets possess an elegant
appearance with suitable mechanical properties and good reliability in both
physical parameters and drug content. It has been proved that by only changing
the release-modifying agents, a tunable release profile of the model drug from
various 3D printed tablets can be achieved. To our knowledge, this is the first
research for adjusting the drug release behavior of IBP by adding various release
modifiers to the EC matrix. Hot melt extruded filaments prepared with a proportion
of 20% IBP, 60% EC and 20% release modifiers (w/w) exhibited high
processability for the preparation of tablets using the FDM 3DP technique.
Sustained-release tablets with different dissolution behaviors were fabricated by
coupling HME and FDM 3DP processes. Consequently, the sustained release of
IBP from these dosage forms showed significant potential in minimizing its
plasma fluctuations and side effects, as well as enhancing its patient compliance.
This study proved the suitability of preparing several modified dosage forms of
IBP and EC using FDM technology with various pharmaceutical-grade polymers.
All these results illustrated that these dosage forms developed in this study are

promising candidates for sustained release devices (tablets) development.
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9.2 Future Work

In this project, a novel magnetic field triggerable drug delivery system was
designed, fabricated and characterized. This device can provide a simple method
for localized gastrointestinal cancer therapy to minimize the side effects of
chemotherapeutic drugs and improve patient compliance. Nevertheless, there is
still room for improvement since clinical situations should be taken into account.
With the development of personalized medicine and 3D printing technology, this

novel drug delivery system could be optimized to achieve more precise results.

Firstly, efforts should be made to minimize the size of the device. In clinical
practice, targeted therapy is required at various length scales to be used in
different body regions, so implantable devices are expected to transport through
small-diameter canals and endoluminal access points. Therefore, FDM 3D
printing technology may be not competent to obtain microscale and high-
resolution devices. In this case, stereolithography (SLA) 3D printing technology
is superior to others due to its high accuracy and ability to achieve z-resolution
(layer thickness) of < 10 ym when compared with 100 um. An object could be
produced by the consequent deposition of thin layers of a liquid resin when
exposed to a scanning laser beam in accordance with a CAD file. With the
development of microstereolithography which can achieve the resolution of 1 um,
the fabrication of devices with more precise and complex geometries becomes
possible. Additionally, SLA showed advantages in spatial control and flexibility
because of improved surface smoothness of printed objects, printing efficiency

and bonding between layers.

Secondly, biodegradable materials should be explored for fabricating this device.
Because most available implants are required to be removed from the body after
the therapy has been performed, this operation is always related to toxicity-

associated risks. Despite the numerous advantages of PDMS sponges, they also
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have limitations in that silicon substrate is not biodegradable. Consequently,
biodegradable materials could be analyzed to fabricate magnetic field sensitive
sponges. For example, keratin structural protein which is a kind of biodegradable
peptide-based biomaterials can be used to prepare macroporous sponges with
various porosities using freeze-drying technology. Alginate, a naturally occurring
polysaccharide, is another promising candidate in fabricating porous scaffolds
because of its good biocompatibility and biodegradability. Additionally, other
biodegradable polymers including poly-L-lactic acid (PLLA), PLGA and chitosan
could be used to fabricate porous scaffolds through freeze-extraction and freeze-

gelation methods.

Thirdly, further study should focus on improving the tumor-targeting efficiency
through developing a DDS exhibiting a multi-targeting mechanism. As magnetic
PDMS sponges have been proved to be conductive in this project, this device
showed great potential to be developed into wireless flexible pressure sensors.
Multi-stimuli-responsive releasing carriers could be prepared with various
polymers, such as PNIPAM, B-CD and glycerol monooleate. With the
manipulation of physical and chemical stimuli (e.g. pH, temperature, magnetic
field, electric field, change in solvent composition and pressure), various types of
stimulus-sensitive sponges could be fabricated to exhibit an obvious and
reversible change in volume and shape for achieving pulsatile release and
position control. Among these stimulus-sensitive sponges, pH and temperature
stimulated hydrogels have been extensively studied for cancer therapy because
of the relatively lower pH (around 5-6) and higher temperature (around 40-42°C)
of cancerous cells. In the future, combining the device with a sensing system can
also offer protection for biosensors because biofouling and exposure to the body

may lead to the failure of biosensors in vivo.

Fourthly, in vivo animal studies should be carried out following animal welfare

guidelines and approved by the local animal ethics committee. Despite in vitro
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techniques for the early stage of drug assessment have made significant
progress in recent years, they cannot replace in vivo evaluations due to the large
blind areas in animal physiology. Prior to human tests in a clinical setting, animals
studies play an important role in safety evaluation and minimizing toxicity of novel
drug compounds, optimized formulation and specific targeting. Although cell
studies and in vitro dissolution tests were conducted in this project, in vivo (drug
absorption) performance needs to be further explored in the future. Moreover,
many physiological parameters should be considered in the extrapolation from
animal models to humans due to the differences in weight, blood volume, cardiac
output, circulation time and tumor volume/location/blood flow. Additionally, the
tumor and tissue receptors in animals and humans have a significant difference.
Therefore, the analysis of hematocompatibility, biodegradation, immunogenicity,
pharmacokinetics, toxicity in cellular and animal models should be performed
before the clinical testing. Multiple animals instead of a single animal species in
drug delivery modelling may be required to simulating various parameters
accurately. The spatial geometry to which magnetic field generation systems may
function with respect to the target location is the main difficulty in scaling up this
technique from small animals (e.g. rabbits and rats) with near skin surface targets
to large animals (e.g. pigs, monkeys) and humans. There have been some
successful examples of magnetic targeting systems in larger animals and early

clinical human trials, further work on solving this problem is continuing.
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Abstract: This study reports the first case of an innovative drop-on-powder (DoP) three-dimensional
(3D) printing technology to produce oral tablets (diameters of 10 mm and 13 mm) loaded with an
anticancer model drug, 5-fluorouracil (FLU). For this study, a composition of the powder carrier
containing CaSO, hydrates, vinyl polymer, and carbohydrate was used as the matrix former, whereas
2-pyrrolidone with a viscosity like water was used as a binding liquid or inkjet ink. All tablets
were printed using a commercial ZCorp 3D printer with modification. The resultant tablets were
subject to coating with various polymeric solutions containing the drug. The composition of the
polymeric solutions was adjusted at drug: polymer(s) 1:1 (w/w) ratio. Either Soluplus® (SOL) alone
or in combination with polyethylene glycol (PEG) was used to develop the coating solution of 2.5%
(w/v) concentration. The particle size analysis, flow test, and particle morphology studies revealed
mono-modal narrow size distribution, good flow properties, and porous loosely bound texture
(of the tablets), respectively. Moreover, the advanced application of the fluorescence microscopy
showed a homogenous distribution of the drug throughout the surface of the 3D printed tablets.
The in vitro dissolution studies showed that the tablet compositions, dimensions, and the coating
solution compositions influenced the release of the drug from the tablets. It can be concluded that our
innovative DoP 3D printing technology can be used to fabricate personalized dosage forms containing
optimized drug content with high accuracy and shape fidelity. This is particularly suitable for those
drugs that are highly unstable in thermal processing and cannot withstand the heat treatment, such
as in fused deposition modeling (FDM) 3D printing.

Keywords: 3D printing; drop-on-powder; powder-based 3D printing; personalized medicine;
5-fluorouracil; Soluplus

1. Introduction

Three-dimensional (3D) printing is an additive manufacturing technique, which is different
from traditional machining techniques and has attracted a growing interest in rapid prototyping [1].
One of its major advantages is that it can fabricate complicated shapes and geometrics with higher
possible shape fidelity and accuracy than the traditional fabrication techniques [2]. Nowadays, 3D
printing is employed in medical devices, implants, tissue regeneration, pharmaceutical dosage form,
and personalized medicine.

Powder-based (PB) 3D printing technology, also known as drop-on-powder (DoP) or binder
jetting, was developed by the Massachusetts Institute of Technology (MIT) in the 1980s and was
commercialized by Z-Corporation for producing different 3D printers [3]. It is regarded as the
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first technological adaption of 3D printing for pharmaceutical demands [2]. This process utilizes
an ink-jet head that can jet-dispense a liquid binder solution onto a flattened powder bed. Then,
particles of the powder carrier can be adhered together by organic or inorganic binders to form an
agglomerated object because of adhesive forces or a hydraulic cement setting reaction [4]. In this event,
the final 3D objects with desired geometry are created by stacking agglomerated layers in sequence.
As a result, the produced oral dosage forms, such as tablets, are similar to fast-disintegrating tablets
because they are comprised mainly of powder with loosely bound particles. Although there are many
different 3D printing techniques suitable for pharmaceutical applications, the first Food and Drug
Administration (FDA) approved 3D printed medicine (Spritam®) was developed through TheriForm®
technology, which is originally derived from a PB 3D printing technique [5]. Due to the printing
nature, formulations, and process optimization, a 3D printed levetiracetam tablet has a highly porous
internal environment and micron-scale pore size that can dramatically increase surface area, hence the
ultra-rapid drug dissolution and release after oral administration [6].

Because of the benefits of its pharmaceutical application, such as easy adaptation and fixation,
reduced development time, and favorable aesthetic results, DoP 3D printing technology can be better
adapted to the manufacturing of dosage forms when compared to other 3D printing technology
(i.e., fused deposition modeling (FDM)). One of the main reasons for this is that the starting materials
(such as powders and binder solutions) have already been widely used in the pharmaceutical industry.
However, there are some associated challenges, such as the additional drying process to eradicate
residual solvents and to improve the physical resistance of the PB 3D printed constructs [2,7]. Still,
it has immediate potential for unit dose fabrication. Moreover, with an appropriate process engineering
and optimization, this possibly can be one of the first 3D printing processes suitable for fully scalable
commercial exploitation.

Therefore, we report a first case of a DoP 3D printing process to develop anti-cancer drug loaded
tablets with varying diameters (10 mm and 13 mm). We used 5-fluorouracil (FLU) as a model drug to
prove the concept of our printing process. This model drug is highly potent and available in low dosage.
Though FLU is fairly heat stable, the successful optimization and subsequent development of its tablets
using DoP heat-less 3D printing will provide for an ideal platform to process and evaluate many
other model drugs that are highly thermo-sensitive, such as biologics or macromolecules. Optimized
powder carrier containing CaSO,4 hydrates were used as powder bed materials. The drug solution
compositions were optimized using hydrophilic polymer combinations. This study proves that an
optimized powder based 3D printing can also be used to develop pharmaceutical products using
pharmaceutical grade excipients by eliminating the need for thermal processing. The latter can be
a real issue for processing thermo-sensitive drugs. In addition, DoP is much easier and less time
consuming than making filaments then using that filaments to fabricate tablets, as is the case in the
FDM 3D printing.

2. Experimental Section

2.1. Materials

The model anticancer drug FLU with purity >98% was purchased from Hangzhou Longshine
Bio-tech Co., Ltd. (Hangzhou, China). The printing CaSO4 powder was obtained from EMCO
Education Ltd. (Portsmouth, UK). Soluplus® was kindly donated by BASF, Germany. Polyethylene
glycol (PEG) was procured from Sigma Aldrich (Gillingham, UK). All chemicals used were of analytical
grade and used as received.

2.2. Experimental Methods

The tablets with diameters of 10 mm and 13 mm were printed using a ZCorp printer
(Z-Corporation, Rock Hill, SC, USA) with a print layer thickness of ~100 um. The tablet matrix was
composed of a CaSO4 based powder, which was a mixture of Ca504 (<90%) and vinyl polymer (<20%)
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with carbohydrate (<10%), whereas the liquid binding solution was an aqueous solution containing
2-pyrrolidinone, whose viscosity is similar to water. The approximate average weights of printed
tablets with diameters of 13 mm were ~900 mg, and those with diameters of 10 mm were ~400 mg
with an average thickness of 5 mm and 3 mm, respectively. The printing process only took <5 min for
one tablet. The physical properties of the powder are listed in Table 1. The printing parameters such
as binder volume, jet-dispensing speed, and drops fired were optimized and recorded throughout
the printing process. The print head operated at a maximum temperature of 50 °C with a maximum
current of 1.7 A and a fire voltage of 0.5 V, which was found to be optimal for the successful and smooth
printing of the tablets. An AutoCAD design of the tablets was made using Solidworks (2017 SP5,
Waltham, MA, USA) and transferred to the computer connected with the printer in stereolithographic
(stl) file format prior to the actual printing process. The optimized composition of the pharmaceutical
grade carrier powder utilized in the 3D printing process contained CaSO, hydrates (<90% w/w) and
vinyl polymer. After the printing process was finished, all tablets were subject to a quick drying in
the build box before being removed from the powder bed. This drying process was conducted to
ensure that the printed tablets were robust enough to withstand the handling process and that any
redundant powders were removed easily after the cycle. Since the aim of this study was to prove the
concept of DoP printing for the fabrication of anti-cancer drug loaded tablets, only the powder suitable
for printing with Z-Corp (e.g., CaSO4) was used herein. This also eliminated any possibility for the
intrusion of the performance and/or safety of the printer. Therefore, the incorporation of the drug in
the tablet matrix was not performed at this stage. The coating aqueous solutions containing the drug
FLU was optimized using hydrophilic polymers SOL and PEG. Various compositions were prepared
as depicted in Table 2. The coating of the 3D printed tablets was performed using the drop-on-demand
technique via utilizing micro-pipette and depositing the solution onto the surface of the tablet until
a homogenous coating was achieved. As mentioned earlier, for the purpose of this proof of concept
study, no additional materials except the suitable carrier powders were used in the printer. For this
reason, the drug was added to the printed tablets by coating method.

Table 1. Properties of the powders used for printing matrices.

Printing Powder Carrier Properties

Flowabilit . . .
Viscosity(cPp) y Bulk Deg‘SltY Ds50%, Dog9,
Carr’s Index  Angle of Repose (g/cm>) (um)
2208 (Torque: 18.4% 25 22.05° 1.172 42.32,80.12

Speed: 5.00 rpm)

Table 2. Drug coating solution compositions.

Tablets Excipients Solution A Solution B Solution C
Tablet (batch 1) 5-fluorouracil (mg) 25 2.5 25
(Diameter = 10 mm) Soluplus (mg) 2.5 1.25 0
- Polyethylene glycol (PEG) (mg) 0 1.25 0
Tablet (Batch 2) 5-fluorouracil (mg) 5 5 5
(Diameter = 13 mm) Soluplus (mg) 5 2.5 0
- PEG (mg) 0 2.5 0

Briefly, around 0.1 and 0.2 mL of the drug solution were dropped manually onto the surface
of tablets (diameters of 10 mm and 13 mm) separately by using 20-200 uL Research® plus pipette
(Eppendorf Ltd, Stevenage, UK). After that, the tablet samples were put into the oven at 50 °C for 1 h.
The drying process was finished until the weight of tablets would not decrease.

The geometric primary particle size distribution of the printing powder was measured with
a laser light diffraction analyzer (Helos/Rodos, Sympatec GmbH, Clausthal-Zellerfeld, Germany)
equipped with the HELOS sensor and Windox software (version 5, Sympatec, Clausthal-Zellerfeld,
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Germany). Detection of the particles was carried out using the R3 and R5 lenses with the detection
range of 0.5-175 um and 0.5-875 um, respectively. The surface morphology of the printed tablets
was examined by Jeol JMS 820 (Freising, Munich, Germany) at the accelerating voltage of 3 kV.
The samples were mounted on an aluminum stub using adhesive carbon tape and were sputter coated
with gold under vacuum (Edwards S-150 sputter coater, Edwards High Vacuum Co. International,
Albany, NY, USA). As fluorescence and UV-Vis irradiation are important photo-physical properties
of FLU, the homogeneity of FLU on the surface of 3D-printed tablets was checked with an SP8
confocal microscope (Leica, Microsystems (UK) Ltd., Milton Keynes, UK). Also, the 3D-printed
tablet without the drug solution was analyzed for a negative control. In vitro dissolution tests under
sink conditions were performed with a US Pharmacopeia (USP) type Il paddle apparatus (708-DS
Dissolution Apparatus, Agilent Technologies, Santa Clara, CA, USA) in 900 mL of phosphate-buffered
saline (PBS) (pH 6.8) at 37 & 0.3 °C with a paddle speed of 100 rpm. All samples were run in triplicate
(n = 3). The drug concentration of the dissolution medium was measured automatically by using Cary
60 UV-Vis (Agilent Technologies) at a wavelength of 265 nm in a 1 cm cell versus a blank solution
consisting of a phosphate buffer (pH 6.8). Then, the release profiles were plotted as a percentage
of cumulative drug release versus time. Additionally, there was no interference from Soluplus® or
PEG6000 on drug assay observed at the detection wavelength.

3. Results and Discussion

The powder-based 3D printing platform used the maximum layer resolution in accordance with
the slicing fragments counted, which resulted in the estimated time for the printing of the whole series
of the tablets at about 15-20 min (single tablet ~5 min). An interesting feature of this platform is that
once the ideal formulation compositions and the processing parameters are optimized, this can be fairly
scaled up for pilot scale manufacturing making it commercially viable process. The jet-dispensing
rate plays a pivotal role in the texture and binding properties of the particles with the printed 3D
objects (Figure 1). Our printing process was optimized so that all printed tablets were almost instantly
ready for further evaluation, though an optional drying step can be introduced to produce tablets as
robust as possible to withstand the handling process. This eliminates the wait-time for the eradication
of the residual solvent. The process utilized an aqueous solution of 2-pyrrolidone, which is largely
available in various pharmaceutical formulations [8]. The use of this binding liquid assisted in a
smooth and faster printing process without any further post-processing steps. It has been reported
that 2-pyrrolidone is an acceptable solvent to be used in drug delivery systems for humans. It is also
widely present in foodstuffs and food additives [8].

The carrier powder was composed of pharmaceutical grade CaSO, granules, vinyl polymer,
and carbohydrate with narrow particle size distribution. The particle size and shape of active and
non-active pharmaceutical ingredients in most pharmaceutical products can affect various significant
physical properties and quality attributes, such as physicochemical stability and dissolution rate [9].
In Figure 2b, as the mode average diameter according to the peak is around ~50 um, the flowability
of these particles may just be at the threshold of good flow. This can sometimes result in incomplete
layers appearing during the printing process [5]. However, in our process, despite the moderate to
poor flowability and because of the process optimization and engineering, various tablets with high
accuracy and shape fidelity were still printed successfully.

The mean particle size distribution was found to be in the range of about 41.65-54.44 um (Dsge,)
with a volume mean diameter (VMD) of 41.46 um (Figure 2b). The powder flowability test via
both Carr’s index and angle of repose estimation for formulation powders exhibited good flow
properties. This is reflected on the calculated values of the Carr’s index and angle of repose as 25 and
22.02 degrees, respectively. Moreover, the calculated bulk index value of the powder indicates that it
rendered good compatibility as well (Table 1). It has been reported that the particle morphology of
CaSOy hydrates based powder is good for high-performance composite material for strong, accurate,
and high-definition model making. In an optimized process, by simply spraying the suitable binding
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solution, this calcium sulfate hemihydrate (CaSO, + nH,O) powder undergoes a self-hydration process,
resulting in a semi-solid calcium plaster-like paste (CaSO4'%HZO + 1%H2O = CaS04-2H,0) [4,10]. This
process was adopted and repeated for each depositing layers in sequence until the 3D object was
printed herein. As shown in Figure 2a, the tablets with various shape fidelity and dimensions were
printed with high accuracy, uniformity, and reproducibility.

The surface morphology of the printed tablets examined via SEM is depicted in Figure 3. It is
obvious from the SEM images that all printed tablets had a highly porous surface with matrix
forming particles loosely bound with the binding liquid. This can be ideal for the formulation
of fast disintegrating dosage forms, such as orally disintegrating tablets (ODTs). All of the tablet
formulations exhibited micron-scale interconnected pore size. A high-resolution SEM image revealed
the pore diameter in the region of about ~90 pm (Figure 3f). As a result, upon contact with an aqueous
medium such as a dissolution solution, the surface area could be increased significantly, resulting in
faster dissolution of the drug from the tablets.

The model anti-cancer drug, FLU, is sparingly soluble in water and slightly soluble in ethanol [11].
However, the solubility of FLU can be affected significantly by temperature, and it can be increased
more than 12-fold by enhancing the temperature between 25 and 200 °C under a constant pressure
of 5.1 MPa [12]. Additionally, Singh et al. pointed out that FLU has high thermal stability when
the temperature is less than 278 °C [13]. Having considered this property, during the preparation
of the drug-loaded coating solution, the temperature was increased to around 70 °C (i.e., in case of
solution C (2.5% w/v FLU)) in order to increase the concentration of the drug in solution. As a result,
the maximum concentration of the solution was optimized at 25 mg/mL.

Mered Powder Bed
X

3D printed tablets

DxL=13mmx5mm

JI| F

» table;s b;;‘ng pn‘nr, (binding
guid di i

Figure 1. Schematic diagram of the printing process of drop-on-powder (DoP) three-dimensional (3D)
printing process utilized in this study.
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Figure 2. (a) 3D printed tablets with different shapes and dimensions; (b) volume-weighted particle
size distribution (PSD) of the powder carriers used in the printing process.

Figure 3. SEM images of the surface of DoP 3D printed tablets (a-c) 10 mm diameter and
(d—f) 13 mm diameter.
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Soluplus® (SOL) is a graft co-polymer of polyvinyl caprolactam (PVC)-polyvinyl acetate
(PVA)-polyethylene glycol (PEG) that can help drug dispersed molecularly in its matrix in the
preparation of solid dispersion. As a result, Thakral et al. proved Soluplus® can increase the water
solubility of an anti-cancer drug with poor aqueous solubility—camptothecin—in a colon-targeted
delivery system [14]. Their solid dispersion formulation of camptothecin in Soluplus® with citric
acid had great potential for colorectal cancer therapy. Uddin et al. studied Soluplus® as a drug
carrier and the coating formulations (consisting of drug-polymer solutions at various ratios) [15].
They found that Soluplus® helped the drug release for various anti-cancer substances (5-fluorouracil,
curcumin, and cisplatin), especially for the water-insoluble drugs (curcumin and cisplatin) because of
their solubilizing enhancement capacity. In addition, Homayouni et al. pointed out that this polymer
can perform as a stabilizer and a solubilizing agent in poorly water-soluble drug formulation [16].
Because Soluplus® contains a polyethylene glycol backbone as the hydrophilic portion and vinyl
caprolactam/vinyl acetate side chain as the lipophilic part, the significant amphipathic property
gives it good surface activity, wettability, ability to enhance the aqueous solubility, and oral
bioavailability [17,18]. As a result, all developed polymeric solutions (SOL alone or in combination
with PEG) contained FLU dispersed homogeneously within the matrices.

In order to evaluate the homogeneity of the drug distribution upon depositing onto the formulated
tablets, an advanced reverse optical microscopic analysis was conducted. As can be seen in Figure 4,
an uncoated tablet without drug solution exhibited no fluorescence traces in the mapping image
(Figure 4a). There were some bright green dots that may be attributed to some degree of contamination
during the sample preparation or handling. These green dots were also present in the FLU loaded
tablets, indicating that these are not relevant to the presence of the drug. It could also have been due
to the presence of dust on the surface of the tablet. However, the images of tablets coated with drug
solution showed significant differences compared to the tablet without drug solution. In contrast,
the FLU loaded tablet surface showed a homogenous distribution of the drug throughout the surface
of the tablets, represented by the dark green pattern. From these images, the edge of the tablet can
be figured out easily. It can be concluded that the drug was coated homogeneously on the surface of
these 3D printed tablets.

Figure 4. Confocal microscopic images of (a) tablets without drug solution, (b) tablets with drug

solution C.
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In vitro drug release profiles from both 10 mm and 13 mm tablets coated with FLU solution A,
B, and C for 2 h are depicted in Figure 5. Tablets with a bigger diameter (13 mm) showed better
dissolution behavior when compared with small tablets (Figure 5a). The probable reasons may have
been the larger volume of 3D printed tablets for absorbing the drug solution and the larger surface
area for partial hydration reaction in the dissolution media. The dissolution test was carried out for
6 h; as over 80% of the drug was released within the first 120 min, only data up to 120 min were picked
up for further evaluations. The aim of the current research was not to show sustained release behavior
of printed tablets. Rather, it was to show that the drug release from printed tablets can be modified to
reach the dissolution profile needed. Asadi-Eydivand et al. pointed out that calcium sulphate hydrated
powder could absorb moisture from the environment [10]. The comparison graphs of solutions A, B,
and C clearly illustrate that all these drug solution coated tablets showed a sustained release over 2 h.
Tablets coated with solutions A and B showed slightly slower release compared to that of solution
C, which contained only FLU. About 90% of the drug had been released from polymeric solutions,
whereas the bulk FLU solution showed about 100% release in 2 h. The slight delay in the release of
the drug from the polymeric solution could be attributed to the chemistry of amphiphilic polymer,
Soluplus®. It has been reported that Soluplus® tends to retard the release of the sparingly water-soluble
drug upon swelling in the dissolution media [19]. Comparing the dissolution profiles of the 13 mm and
the 10 mm tablets coated by solution C showed that these dissolution profiles were different (f, value
of 43; f, value (similarity test); less than 50 indicates that they are different). This indicates that the size
of printed tablets has a significant effect on the dissolution profiles of FLU. Comparing the effect of the
coating solution showed that the type of solution cannot make a big difference (similarity factor f, was
higher than 50). Nonetheless, our developed formulation compositions (solutions A and B) could be
ideal for prolonging the release of the drug for a longer time or sustained release drug delivery, as may
be required for chemotherapeutic drug delivery systems.

Dissolution Profile
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Figure 5. In vitro drug release profiles (under sink condition) of various printed tablets coated with
solutions A, B, and C containing 5-fluorouracil (FLU) at pH 6.8 (1 = 3).

4. Conclusions

The authors of the current research successfully demonstrated that an optimized DoP 3D printing
process can be applied for the fabrication of oral dosage forms, such as tablets with varying shapes
and morphology. A detailed investigation of the powder compositions revealed that the particle
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morphology, flow, and compression properties play pivotal roles in powder based printing processes.
The produced tablets were also coated with anticancer model drug solutions, where drug particles
were seen homogenously dispersed throughout the surface of the printed tablets. Furthermore, it could
be claimed that the DoP 3D printing process demonstrated here was able to adjust the dose, release
rate, and loading of the drug substances by changing the formulation composition and the processing
parameters. This method can be further scaled up for pilot scale manufacturing in the personalized
medicines arena. In conclusion, it can be claimed that DoP 3D printing process reported herein can
be exploited for a number of drugs, including thermolabile drugs, by optimizing the powder bed
composition using pharmaceutical grade excipients such as polymers. This will indeed present this
emerging technique at the forefront of additive manufacturing to the delivery of immediate potential
for unit dose fabrication of personalized medicines.
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ABSTRACT

With the growing demand for personalized medicine and medical devices, the impact of on-demand triggerable
(e.g., via magnetic fields) drug delivery systems increased significantly in recent years. The three-dimensional
(3D) printing technology has already been applied in the development of personalized dosage forms because of
its high-precision and accurate manufacturing ability. In this study, a novel magnetically triggerable drug de-
livery device composed of a magnetic polydimethylsiloxane (PDMS) sponge cylinder and a 3D printed reservoir
was designed, fabricated and characterized. This system can realize a switch between “on” and “off” state easily
through the application of different magnetic fields and from different directions. Active and repeatable control
of the localized drug release could be achieved by the utilization of magnetic fields to this device due to the
shrinking extent of the macro-porous magnetic sponge inside. The switching “on” state of drug-releasing could
be realized by the magnetic bar contacted with the side part of the device because the times at which 50%, 80%
and 90% (w/w) of the drug were dissolved are observed to be 20, 55 and 140 min, respectively. In contrast, the
switching “off” state of drug-releasing could be realized by the magnetic bar placed at the bottom of the device as
only 10% (w/w) of the drug could be released within 12h. An anti-cancer substance, 5-fluorouracil (FLU), was
used as the model drug to illustrate the drug release behaviour of the device under different strengths of
magnetic fields applied. In vitro cell culture studies also demonstrated that the stronger the magnetic field ap-
plied, the higher the drug release from the deformed PDMS sponge cylinder and thus more obvious inhibition
effects on Trex cell growth. All results confirmed that the device can provide a safe, long-term, triggerable and
reutilizable way for localized disease treatment such as cancer.

1. Introduction

narrow therapeutic concentration window for avoiding ineffectiveness
(underdose) or toxicity (overdose), and it is often impossible to modify

The objective of drug delivery systems is to provide predetermined
drug release profiles ensuring optimal distribution and absorption of
pharmaceutical compounds, which enhance therapeutic effectiveness
and minimize side effects by offering a safer, more convenient, and
efficient drug administration in humans with enhanced patient com-
pliance [1,2]. Predetermined drug release profiles could be achieved by
optimizing suitable drug delivery systems (DDSs) as such enhanced
efficacy, safety, and patient compliance may be realized through op-
timal drug distribution and absorption in the targeted location at the
(sub)cellular level [2,3]. However, it has been difficult for conventional
drug delivery system to maintain drug concentration level within the

* Corresponding authors.

the drug release from these systems after administration [1,4,5]. Ad-
ditionally, it may not always be appropriate for untunable monotonic
drug release to be applied in some disease treatments which require
variable release kinetics (including cancer, diabetes, pain, and myo-
cardial infarction) [1,4]. Also, drugs are needed to be administered
multiple times or continuously for achieving a long-acting drug release
profile in some circumstances [4]. This may lead to patients’ discomfort
or inconvenience and even the addition of external devices. Therefore,
it is important to design a drug delivery system, which can modulate
drug release in terms of time, rate, and location. Such a drug delivery
system would show considerable advances in delivering drugs, like
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painkillers, hormones, and chemotherapeutic agents [1].

Triggerable drug delivery systems (TDDSs), capable of releasing
drug through applying external physical signals (such as magnetic field,
ultrasound, pH, enzymes, temperature, electric, light, and near-infrared
radiation) are gaining more and more attention in pharmaceutical sci-
ences [1,6,7]. Such systems containing a large amount of drug can
present remote, noninvasive, tunable, and reliable switching of ther-
apeutic compound flux [4]. Hence, spatiotemporal management of drug
availability could be realized through these triggerable drug delivery
systems by the physicians or patients with the utilization of either the
interaction between a ‘responsive’ material and the surrounding en-
vironment or a remotely controllable activation device [1,5,8]. Also,
these systems loaded with a large amount of drug can achieve multiple
dosing after a single administration through repeatable triggering [1].
However, there are still some limitations, like low controllability be-
cause of an initial burst release or a drug leakage via diffusion, diffi-
culty in disposing of the systems after therapy, and increasing toxicity-
associated risks due to the possible degradation of the matrix and the
reduction of stability and reliability of the systems [1,5].

Implantable reservoir-based devices have been designed to over-
come these limitations efficiently [9]. Targeted therapy could be
achieved through these devices at different length scales with high
anatomical variability [10]. The performing procedure and working
environment will affect the features, sizes, and operation mechanisms
significantly [5]. Herein, it is highly desirable to fabricate untethered
macroscale triggerable drug delivery systems with low cost, simple
preparation, facile operation, simplified structural morphology, and the
ability to move through body channels and perform on-demand drug
administration [5,11].

Although several external stimuli have been studied in TDDSs,
controlled drug targeting through magnetic actuation is still one of the
principal approaches because of many advantages, such as in-
stantaneous and reversible response, remote actuation, non-destructive
and high controllability, which are especially attractive for biomedical
fabrication where the noncontact feature is particularly necessary in
vivo environment with absolute safety [3,12,13]. Those magnetic sys-
tems also play an important role in cancer research due to the superior
ability in chemotherapy by realizing: (1) selective delivery of the
maximum fraction of anti-cancer molecules to the desired site without
any increase in side effects to normal cells; (2) prior distribution of anti-
cancer drug to targeted cells; (3) stable systemic drug concentration and
(4) elimination of normal tissue clearance with the application of ex-
ternal magnetic field [3]. Various types of magnetic particles have been
widely applied in these systems as switching carriers, including Fe;04
particles [7,14], NdFeB powders [5] and carbonyl iron (CI) powders
[12,13]. With the addition of magnetic enclosures, these magnetically
responsive systems can move and deform due to applied magnetic fields
[15]. Furthermore, with the manipulation of external permanent
magnets, magnetically triggered drug delivery systems have the ability
to remote locomotion through biological tissues in real-time because
magnetic fields can transmit high force or torques wirelessly with
multiple degrees of freedom to medical robots [5,16].

In recent years, personalized medicine has attracted increasing at-
tention as it can provide patients with a superior treatment with a
comprehensive consideration of their own pharmacogenomics, anato-
mical, and physical conditions [17]. It is reported that the inappropriate
dosing or dosing combination has become the main reason for adverse
effects from drug therapy [18]. This leads to an increased demand for a
tailored method of dosage forms to suit patient needs instead of “One-
size-fits-all” [18,19].

To address these challenges, three-dimensional printing (3DP)
technology has been applied successfully because traditional DDSs
cannot fulfil such criteria [17,19]. Because of its potential in persona-
lized medicine, its applications in medical devices, implants, tissue
engineering, and pharmaceutical dosage forms have attracted a great
deal of attention [18]. This technology can achieve detailed and flexible
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spatial composition, and provide more available starting materials (like
colloidal inks, bio-inks, and polymers) for the unprecedented complex
and precise manufacture of 3D DDSs [2,20]. Various techniques,
namely powder-based (PB), stereolithography (SLA), selective laser
sintering (SLS), inkjet printing and fused deposition modelling (FDM)
have been explored in the pharmaceutical applications [19]. Among
them, FDM 3DP has gained the most attention due to its cost-effective,
time-saving and versatile modalities of producing sophisticated solid
objects [18,19].

Polylactic acid (PLA) is the most common material used for FDM
because it is a non-toxic, renewable, thermoplastic, biodegradable and
biocompatible polymer [20,21]. Additionally, its suitable properties
like high mechanical strength, low coefficient of thermal expansion and
processability for extrusion applications make this material ideal for
pharmaceutical and biomedical applications [21]. Furthermore, various
polymers, such as Pluronic, poly(vinyl alcohol) and polycaprolactone,
could be blended with PLA to provide extra features with the addition
of active pharmaceutical ingredients (APIs) to the final composite ma-
terial in healthcare applications [20,21,22,23].

In this study, a magnetic-field triggerable drug delivery system with
a 3D-printed reservoir and magnetic PDMS sponges was designed and
characterized.