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Lay Abstract

This thesis focuses on the development of nanocomposite materials that can be injected
into a specific location in the body and deliver therapeutic drugs by a remote-controlled
process. These nanocomposites are composed of magnetic particles and polymers that
respond to changes in temperature. The combination of these materials results in
nanocomposites that can change their properties in response to specific magnetic fields
to switch from releasing drug slowly (or not at all) to releasing drug quickly on demand.
The changes are fully reversible and solely depend on whether the external magnetic
field is switched on or off. These novel systems offer an alternative to therapies that
require frequent injections, such as insulin for diabetes, or therapies that need the drug
to be released in very precise locations, such as cancer treatments, and could improve
the safety, reduce the risk of side effects, and lower the cost of many medical

treatments.
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Abstract

The capability of precisely controlling the kinetics of therapeutic delivery at the optimal
location and rate for a given patient would have great potential to improve health and
well-being in a range of current drug therapies (insulin, chemotherapeutics, vaccines,
etc.). Indeed, if successfully developed, locally administered injectable drug delivery
vehicles capable of remotely-triggered release would be the gold standard for many

treatments.

Multiple injectable nanocomposites have been investigated for this purpose that are
generally comprised of a thermosensitive polymeric material and superparamagnetic
iron oxide nanoparticles (SPIONs). SPIONs generate heat when exposed remote
alternating magnetic fields (AMFs), and the transfer of this heat to thermosensitive
polymers can be used to control the release of therapeutics. Ideally, these systems
would be capable of returning to their original state and basal release rate when the

external AMF trigger is removed.

Several novel injectable nanocomposite materials that explore interactions between
SPIONs and thermosensitive polymers to mediate drug release, from the macroscale to
the nanoscale, were developed and demonstrated to be capable of remotely-triggered,
AMF-mediated enhanced release. @ The macroscale magnetic nanocomposites have
thermosensitive hydrogel and/or microgel components that regulate release based on
the heat produced from SPIONs in response to an external AMF. On the millimeter-
scale, a microinjection system capable of producing thermosensitive hydrogel beads that

could potentially incorporate SPIONSs is described. On the nanoscale, nanoparticles with
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a glass transition temperature and thermosensitive microgels are combined with SPIONs
and investigated for their remote, AMF-mediated release characteristics. The engineered
macroscale and nanoscale systems are capable of up to ~4:1 and ~7:1 enhancements

in release due to an AMF application, respectively, compared to the basal release rate.

Collectively, these nanocomposites represent a promising stride towards improved
remote-actuation of drug release and a stepping stone for future attempts at precisely

controlling the site and kinetics of drug release.
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degradable. Note that this result at pH 1 is nearly identical to previous results
reported for cross-linked PNIPAM-SPION hydrogels that degraded fully in vitro at
physiological pH over eight months (Campbell et al.).”®

Figure S3.5: (a) Schematic and (b) photograph of experimental setup for pulsatile
release experiments.

Figure S3.6: AMF-induced release of sodium fluorescein from nanocomposites
prepared with 10 wt% hydrogel precursors, 5 wt% PEG-SPIONs, and 8 wt%
microgel content. The clear difference in fluorescence intensity in the solution
following a short 5 minute pulse indicates these nanocomposites are capable of
releasing drugs with significantly different molecular weights in a pulsatile manner.

Figure S3.7: Characteristic release curve with 10 minute AMF applications. The
red points represent the release rate calculated based on samples taken
immediately after the application of a 10 minute AMF pulse (indicated by the green
areas), while the black points represent release rates calculated after 10 minute
periods without an AMF pulse.

Figure S3.8: Elastic storage moduli of nanocomposites prepared using PNIPAM-
SPIONs and PEG- SPIONs with varying microgel contents.

Figure S3.9: (a) Percentage increase in FITC-dextran release (relative to the
baseline release in the absence of an AMF) and (b) relative swelling of
nanocomposites prepared with or without PEG-SPION and microgel at 37°C * = p
< 0.05 in a pair-wise comparison.
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Figure S3.10: Cell viability of 3T3 mouse fibroblast cells exposed to SPION and
microgel composite additives for 24 h. The dashed line represents the viability of
control cells not exposed to any nanocomposite component. All components of
the nanocomposite maintain high cell viabilities of >80% even at extremely high
concentrations (2 mg/mL) for a contained in vitro assay.

Figure S3.11: TEM images of (a) PNIPAM-coated and (b) PEG-coated SPIONSs.
The observed clustering on the copper grids during preparation for TEM is typical
of hydrophilic nanoparticles. Sizes are consistently in the range of 15-25 nm for
both types of modified SPIONSs.

Figure 4.1: Mechanism of externally AMF-controlled enhanced drug release.

Figure 4.2: Fabrication of microgel-hydrogel-SPION composites.

Figure 4.3: Temperature-responsive behaviour of microgels made with different
NIPMAM:NIPAM ratios. Arrows indicate aggregation points of Mg ,7 and M;
microgels.

Figure 4.4: Storage modulus of magnetic nanocompaosites with differing: (a)
microgel (Mqgs6) contents with 8 wt% hydrogel precursors, and (b) amounts of
CMC-Ald replacing the Dex-Ald component in composites with 6 wt% M, g
microgels and 6 wt% hydrogel precursors.

Figure 4.5: Accelerated degradation of the hydrolyzable magnetic
nanocomposites with 6 wt% hydrogel precursors and 6 wt% microgel incubated in
1M HCIl at 37°C.

Figure 4.6: Effect of microgel phase transition temperature properties of
nanocomposite hydrogels: (a) Percent increase in 4 kDa FITC-Dex release rate
observed from composites made with microgels exhibiting different phase
transition temperatures due to a 10 minute exposure to an alternating magnetic
field; (b) weight changes associated with swelling responses of the bulk
nanocomposites over the 5-day period of the release test. *indicates statistical
significance, determined using a student’s t-test assuming unequal variances (p <
0.05).
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Figure 4.7: Effect of microgel (M, g) content on properties of nanocomposite 145
hydrogels: (a) Percent increase in 4 kDa FITC-Dex release rate observed from
composites made with different microgel contents due to a 10 minute exposure to

an alternating magnetic field; (b) weight changes associated with swelling

responses of the bulk nanocomposites over the 5-day period of the release test.

The volume percentages of the microgels that correspond to each microgel

content from 0-10 wt% are 0 vol%, 2.8 vol%, 4.2 vol%, 5.6 vol%, and 7.0 vol%,
respectively (Table S2). *indicates statistical significance, determined using a

student’s t-test assuming unequal variances (p < 0.05).

Figure 4.8: Effect of bulk gel swelling on nanocomposite properties with 6 wt% 148
M, s microgel contents: (a) Percent increase in 4kDa FITC-Dex release rate

observed from composites due to exposure to an alternating magnetic field (10

minute pulses); (b) weight changes associated with swelling responses of the bulk
nanocomposites over the 5-day period of the release test. *indicates statistical
significance, determined using a student’s t-test assuming unequal variances (p <

0.05).

Figure 4.9: Effect of pulse duration on the AMF-induced release rate from 150
magnetic composites with 8 wt% hydrogel precursors and 8 wt% M, g microgel

content. *indicates statistical significance, determined using a student’s t-test

assuming unequal variances (p < 0.05).

Figure S4.1: TEM image of PEG-functionalized SPIONS. The particle clustering 160
on the copper grids, occurring during sample preparation for TEM, is typical of
hydrophilic nanoparticles.

Figure S4.2: Schematic of the set up for AMF-mediated pulsatile release from 160
nanocomposites capable of keeping the nanocomposites at a 37°C baseline
temperature.

Figure S4.3: Storage modulus of nanocomposites prepared with differing 161
PNIPMAM:PNIPAM contents with 8 wt% PNIPAM-Hzd/Dex-Ald precursor
polymers.
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Figure S4.4: Representative release profile (expressed as rate of drug release) of
4 kDa FITC-Dex during the first day of a pulsatile release test: 8 wt% hydrogel, 8
wt% microgel, 5 wt% PEG-SPIONSs, and 1 wt% 4 kDa FITC-Dex. The composite
was incubated at 37°C. The red dots indicate the measured time point
immediately after applying the AMF on the sample, showing the increase in the
rate of release due to an AMF pulse, and the release rates that were compared to
the points around them to determine the increase in the rate of release.

Figure S4.5: Relative viability of 3T3 mouse fibroblast cells after a 24 hour
exposure to various microgel compositions in an MTT assay.

Figure 5.1: Typical hydrogel fabrication process using a double barrel syringe.
Solutions of each respective reactive polymer are loaded into separate barrels of a
double barrel syringe. Upon injection, these materials mix and interact rapidly in a
mixing channel before being ejected out of a needle into a pre-defined mould or,
for in vivo purposes, the tissue of interest.

Figure 5.2: Schematic of the microinjector design. A manual pressure source
propels the polymer solutions from their reservoirs into a herringbone mixing
microfluidic channel before their emission from a needle. The volume contained
within the volume control reservoir (designed to be 2 pL for this particular device)
is the controlled volume that is released when pressure is applied to the ejection
syringe inlet.

Figure 5.3: Grayscale mixing distribution over the channel width for designs (a)
with and (b) without herringbone structures at 17.5 mm from the mixing junction.

Figure 5.4: A ~2 pL gelled hydrogel droplet (dyed with methylene blue) injected
into bovine vitreous humour at 37°C.

Figure 5.5: Example of small variation in droplet size from a 2 pL microinjection
system developed from a mould generated using photolithography.

Figure 5.6: The volume control region of a microinjector primed with aldehyde-
functionalized POEGMA and FITC-labelled hydrazide-functionalized POEGMA
before and after using the ejection syringe to pump out the material initially
inhabiting the volume control region.
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Figure 5.7: Injection of FITC-labeled POEGMA-Hzd/POEGMA-AId hydrogels 183
delivered via a microfluidic microinjection device into the choroid (top) and the

vitreous (bottom). Fluorescent (green) and brightfield (white) images were taken
immediately after the injection and two days post-injection. There was no

fluorescence detected on day 2 or in the control fluorescent image.

Figure 5.8: Histology of (a) eye that underwent choroidal injection, (b) eye that 185
underwent vitreal injection, and (c) representative control eye that received a
lancing injection but was not injected with the microinjector.

Figure S5.1: Phoenix IV camera setup for monitoring in vivo injections and 191
injected materials.

Figure 6.1: Synthesis and AMF-mediated release of SPION-laden PNIPMAM 198
microgel nanocomposites. The iron salt precursors to SPIONs coordinate with the
B-ketoester groups (in gold) and coprecipitate into SPIONs under basic conditions.
Under the application of an AMF, the heat from the SPIONSs is transferred to the
thermosensitive microgel, inducing microgel deswelling as the temperature

exceeds the VPTT and inducing convective drug release. The process is

reversible such that when the AMF is turned off, the microgel temperature returns

to ambient body temperature and the microgel reswells to its original state.

Figure 6.2: a) Magnetic separation of a concentrated solution (10 wt% magnetic 205
microgel with respect to water) of PNIPMAM-AAEM-DMAEMA microgels with 15

wt% SPION content. b) Magnetic PNIPMAM-AAEM-DMAEMA microgels with 0, 5,

15, and 25 wt% SPION content.

Figure 6.3: TEM image of 15 wt% SPION-containing PNIPMAM-AAEM-DMEAMA 208
microgels (120,000x magnification).

Figure 6.4: a) SQUID results for SPIONs alone (black line) and 15 wt% SPION 209
cationic magnetic microgels (red line), with both displaying superparamagnetic
characteristics. b) Heating profile of magnetic microgel suspensions (x wt%)

exposed to an AMF operating at 30 A and 200 kHz (2-coiled 8 cm solenoid).

Figure 6.5: Relative 3T3 mouse fibroblast cell viability (in comparison to cell-only 210
controls) for a range of concentrations of cationic 15 wt% SPION-microgels.
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Figure 6.6: The release of fluorescein normalized against the initial weight of
cationic 15 wt% SPION microgels in each sample over 6 hours with the AMF
applied to the magnetic microgels throughout the course of the experiment (black
points) or no AMF applied (red points). * indicates statistically significant
differences in the cumulative release between the two incubation temperatures at
a given time point (p < 0.05).

Figure S6.1: Photos of experimental AMF-activation assembly (left), with a close-
up view of the Float-A-Lyzer devices in the jacked flask within the device (right).
The size of jacketed flask limited the number of Float-A-Lyzer membrane devices
that could be used in a single experiment to three, so two separate experiments
with two samples each had to be performed to achieve n = 4 replicates.

Figure S6.2: Thermal gravimetric analysis of cationic magnetic microgels
designed to have 25 wt% SPION content. This result indicates that the microgels
are ~31 wt% SPION content, slightly higher than expected.

Figure S6.3: (a) Effect of SPION content on the diameter of neutral microgels
(prepared without any ionic monomer component). These microgels could remain
stable with up to 50 wt% SPION content (with respect to the microgel content), but
the duration stability becomes more limited above 30 wt%. (b) Effect of
temperature on the diameter of 50 wt% SPION nanocomposite microgels showing
maintenance of thermoresponsive behaviour even at the highest SPION content
tested.

Figure 7.1: Development of hydrogel nanocomposites with embedded rhodamine
B-loaded T4 p(MMA-co-BMA) latex nanoparticles and SPIONs. PBS suspensions
of CMC-hydrazide in one barrel, dextran-aldehyde in the other barrel, and the
rhodamine B-loaded T, p(MMA-co-BMA) nanoparticles and SPIONs loaded with
their desired final concentrations in both barrels are extruded through a double-
barrel syringe. The material rapidly gels upon injection, and little release is
observed at 37°C when the AMF is not applied. Upon AMF application, the
SPIONSs produce heat that raises the temperature of the nanoparticles above their
T, to significantly enhance the diffusion and release of rhodamine B from the
nanoparticles and thus the hydrogel composite.

Figure 7.2: DSC of p(MMA-co-BMA) nanocomposites with 1 wt% rhodamine B
content (with respect to the initial monomer content). (inset) Suspension of
rhodamine B-loaded p(MMA-co-BMA) nanoparticles.
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Figure 7.3: Release of rhodamine B from the p(MMA-BMA) nanoparticles with T,
~40°C entrapped in an injectable MITCH-type hydrogel with 5 wt% SPION content
made from the natural polymers CMC and dextran: (a) short term release over 6
hours; (b) longer term release over ~6 days. * indicates statistically significant
differences in the cumulative release between the two incubation temperatures at
a given time point (p < 0.05).

Figure 7.4: (a) Release rate of rhodamine B with and without 30 minute pulsatile
AMF applications at 1, 3, and 5 hours (indicated by the grey boxes). (b)
Cumulative release of rhodamine B with the 30 minute AMF pulses, with the AMF
constantly applied to the nanocomposites, and without an applied AMF. All of the
results are normalized against the weight of the nanocomposites and * of each
colour indicates each point that is statistically significantly different from the
previous point (p < 0.05).

Figure 7.5: Relative viability (to cell-only control) of 3T3 mouse fibroblast cells for
various concentrations of rhodamine B-loaded p(MMA-BMA) T, nanoparticles,
SPIONSs, hydrazide-functionalized CMC, and aldehyde-functionalized dextran.

Figure S7.1: Picture of the AMF triggering apparatus. The nanocomposites are
held in the test tubes by custom polyethylene holders and positioned at equivalent
locations with the coils of the solenoid.

Figure S7.2: a) Dispersion of SPION-laden p(MMA-co-BMA) nanoparticles in
DIW. b) TGA of magnetic p(MMA-co-BMA) nanoparticles, confirming that the
particles contain ~15% SPIONs. c) TEM of the magnetic latex nanoparticles, in
which 2-4 SPION particles can be seen clustered together per latex particle, as
indicated by arrows (120,000x magnification).

Figure S7.3: SQUID measurements of superparamagnetic hydrophobic SPIONs
and magnetic p(MMA-co-BMA) nanoparticles with such SPIONs entrapped in the
latex particles.

Figure S7.4: Shell diameter and PDI, analyzed via DLS, during MMA/BMA shell
growth on SPION-MMA core seed particles over time (monomer feed rate 0.77
mL/h).
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Chapter 1: Introduction

1.1 Generating materials for externally-controlled drug release

This work centers on the development of ‘smart’ materials that can be used to regulate
drug release in the body via an external source. This is achieved by using polymeric
hydrogels that experience fully reversible, significant volume changes as their
temperature alters around a specific volume phase transition temperature (VPTT).!
Increasing the temperature of a given thermosensitive hydrogel above its VPTT will
cause its volume to dramatically decrease, forcing it to expel some of its water content,
and lowering its temperature below this VPTT will increase the volume of this hydrogel
back to its original state. These volume changes can be exploited to control the release

of therapeutic drugs.

The body is an excellent at regulating its temperature, so other components must be
added to induce temperature changes to hydrogel systems in vivo. One of the
commonly used components for this purpose are superparamagnetic iron oxide
nanoparticles (SPIONs), which generate heat in response to alternating magnetic fields
(AMFs).? Thus, combining SPIONs into thermosensitive hydrogels can be useful in
preparing ‘smart’, magnetic drug-releasing systems that are capable of externally-
mediated drug release using AMFs. Furthermore, if such hydrogel-based systems are
engineered to be injectable in nature, the materials can be injected directly into the site
of interest for the therapeutic treatment. Localized drug release such as this are highly

preferred over forms of systemic release for a wide array of treatments.®
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The aim of this work is to develop a set of injectable materials that could be used to
controllably release therapeutics via external means. These materials all utilize a
combination of SPIONs and hydrogels with a VPTT just above physiological
temperatures (~40°C) or analogous thermosensitive polymers such that release from
these systems can be triggered by an external AMF. The array of ‘smart’, injectable,
magnetic systems that are explored range in scale from macroscale hydrogels

nanocomposites to the nanoscale materials, which is the general theme of this work.

This introduction first covers different strategies for the development of externally-
actuated hydrogel nanocomposites in a review article that was written in 2014. A brief
update in the externally-addressable technologies developed in the two years since
follows this. The introduction concludes with a summary of the reasoning behind using
the materials and approach that we did to develop our materials and a brief overlay of

the outline of the thesis as a whole.

1.1.1 References
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2 S. Laurent, S. Dutz, U. O. Hafeli and M. Mahmoudi, Adv. Colloid Interface Sci.,

2011, 166, 8-23.
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1.2 Externally-addressable hydrogel nanocomposites for biomedical
applications

Campbell, S.B., and Hoare, T. Curr. Opin. Chem. Eng. 2014, 4, 1-10.

Reprinted with permission. Copyright 2014 Elsevier.

1.2.1 Abstract

Hydrogels are widely applied in a variety of biomedical applications given their
biologically-relevant mechanical, interfacial, and chemical properties. By combining
(soft) hydrogels with (hard) nanoparticles, the attractive electromagnetic properties of
many nanoparticles can be applied in vivo while maintaining biocompatibility. Herein, we
outline recent progress in the design of hydrogel nanocomposites coupling carbon
nanotubes, gold nanoparticles, and superparamagnetic iron oxide nanoparticles
(SPIONs) with hydrogels, including both conventional hydrogels as well as “smart”,
stimuli-responsive hydrogels whose properties can be remotely changed “on-demand”
using the nanoparticle as a transducer to convert highly penetrative near-infrared
radiation or alternating magnetic fields into a physically-relevant phase transition
stimulus. The applications of such materials for on-demand drug delivery, hyperthermia

therapies, and tissue adhesives are described.

Keywords: hydrogel nanocomposites, carbon nanotubes, magnetic nanoparticles, gold
nanoparticles, on-demand drug delivery, tissue engineering, remote-control biomedical

devices.
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1.2.2 Introduction

The use of hydrogels as biomaterials has been steadily increasing ever since
crosslinked 2-hydroxyethyl methacrylate (HEMA) hydrogels were first reported by
Wichterle and Lim in 1960 [1]. Hydrogels are three-dimensional (3D) crosslinked
networks of hydrophilic polymer chains that can be swollen up to thousands of times
their dry weight with water. Hydrogels can be designed to have high void fractions (i.e.
tunable diffusivities) and are mechanically and physically similar to the extracellular
matrix of soft tissues [2]. The high water content of hydrogels results in a low interfacial
tension that suppresses protein adsorption [2—4]; minimizing protein adsorption is
essential to reduce inflammatory responses to biomaterials, imperative for cell
encapsulation or tissue engineering applications. “Smart’, stimuli-responsive hydrogels
that are able to swell and deswell in response to external stimuli such as environmental
pH [5], ionic strength [6], temperature [7], or electric fields [8] offer further advantages in
terms of facilitating switchable drug release kinetics, reversible cell adhesion/release
and/or dynamic modification of pore sizes. Due to these properties, both bulk hydrogels
and their nano/microscale counterparts, microgels (ranging in size from 50 nm — 5 ym)

[9], have received a great deal of recent attention as potential materials for tissue

4
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engineering [10-12], adhesives and wound-healing [13,14], catalysis [15], biosensors

[16], and drug delivery [17-19].

However, despite these favorable properties, the biomedical use of hydrogels also faces
several limitations. Most conventional synthetic hydrogels are not degradable, and the
inherent elasticity of hydrogels renders them difficult to inject (typically requiring surgical
implantation). These issues can be largely addressed by adjusting the chemistry by
which the crosslinking structure of the hydrogel is formed, exploiting shear-disrupted
physical interactions [20], supramolecular interactions which can self-heal [21], or rapidly
reactive and reversible covalent bond-forming chemistries by which gelation can occur
following simple mixing [3,7]. As an example of the latter approach, our lab utilizes in
situ gelling hydrogels by which the crosslinks are formed via the rapid condensation of
aldehyde and hydrazide groups functionalized on two respective polymers to form
hydrolytically degradable hydrazone crosslinked hydrogels upon co-injection of the
polymers [22,23]. More difficult to address are limitations associated with the relatively
weak mechanical properties of hydrogels (particularly injectable hydrogels) [24] and
challenges associated with safely and practically applying the “smart” stimulus required
to exploit the properties of responsive hydrogels within the highly regulated

physiochemical environment of the body.

These latter two challenges can be addressed by adding nanoparticles to hydrogels.
Nanoparticles can be physically entrapped within the hydrogel matrix or cross-linked via
interfacial chemistry into the network structure of hydrogels to develop nanocomposite
materials with improved mechanical strength as well as well-defined optical, thermal,

electronic, and magnetic properties [25]. Specifically, the incorporation of nanopatrticles
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that can transduce specific external stimuli to generate heat (in particular, alternating
magnetic fields and near-infrared light, both of which are highly penetrative and thus can
transmit through biological tissues) offers particular promise when coupled with
thermosensitive hydrogels such as those based on poly(N-isopropylacrylamide)
(PNIPAM), effectively providing non-invasive and remote control over hydrogel swelling
[26,27]. Furthermore, nanoparticles with electrically-conductive properties can be
applied to remotely switch cell behavior, in particular muscle cells programmed to
contract or (in the case of cardiac cells) beat upon electrical stimulation or neural cells
transmitting electrical signals. In turn, relative to the use of these nanoparticles alone in
the body, the hydrogel can provide benefits such as generally enhanced biocompatibility,
tunable cell interactions, and improved control over drug release with higher loading
capacities and better release characteristics [28]. The hydrogel network also effectively
localizes the nanoparticles of interest at the desired biological site, facilitating (for
example) more effective local drug delivery with fewer systemic side-effects and
hyperthermia treatments better targeting lysis of temperature-sensitive cancer cells via

externally controlled heating [28].

This mini-review will highlight recent research in the development of hydrogel
nanocomposites that permit these hydrogels to be externally addressable in the context
of biomedical applications, with a particular focus on papers published within the last 2-3
years. Specifically, we review the use of hydrogel nanocomposites containing carbon
nanotubes, gold nano-objects, and/or superparamagnetic iron oxide nanoparticles
(SPIONSs) in the context of designing “on-demand”, switchable biomaterials able to either
themselves respond to a stimulus via swelling, shrinking, shape changes, hydrophobicity

changes etc. or to mediate a cellular response to a stimulus (Figure 1.1).
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Figure 1.1: Properties and typical compositions of externally-addressable hydrogel-
nanoparticle nanocomposite materials for biomedical applications.

1.2.3 Carbon Nanotube-Hydrogel Nanocomposites

Carbon nanotubes (CNTs) are seamless cylinders of one or more layers of graphene
and have long been recognized to possess superior mechanical, thermal, and electric
properties useful to augment hydrogel structures [29,30]. Indeed, a great number of
CNT-hydrogel hybrids have been developed that take advantage of these properties for
the purposes of tissue engineering (particularly for neural and cardiac tissues where

electrical conductivity is crucial) [31,32] and drug delivery [33—-35].

CNT-gel hybrids were initially made primarily to improve the mechanical properties of
hydrogels and hydrogel scaffolds. Low concentrations of CNTs, and graphene oxide
(unrolled CNTSs), have been shown to mechanically reinforce hydrogels to allow them to
better mimic stiffer soft tissues [36-38]. CNTs can also significantly influence cell-
biomaterial interactions. For example, Chen et al. demonstrated that incorporation of
only 0.067 wt% of CNTs in a PNIPAM hydrogel drastically improved both cell attachment

7
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and proliferation at physiological temperature while still maintaining the potential to

harvest the resulting cell sheet by lowering the temperature to 20°C [37].

More recently, the other, more unique properties of CNTs have attracted significant
interest in biomedical applications. In particular, the electrical conductivity of CNTs can
be exploited in both tissue engineering and drug delivery applications. Ramén-Azcon et
al. [31] demonstrated that CNT-containing hydrogels can be used to direct cell
orientation inside a hydrogel in the presence of an electrical current. Dielectrophoresis
followed by UV polymerization effectively aligned carbon nanotubes in a gelatin
methacrylate (GelMA) hydrogel, resulting in significantly more conductive and stronger
hybrid materials that improved the differentiation of C2C12 myoblast cells into contractile
myotubes relative to non-aligned CNT hydrogels [31]. Analogously, Shin et al. [30]
fabricated CNT-GelMA hydrogel films that were structurally similar to that of heart
muscle networks with purkinje fibres. Cardiac cells exhibited improved adhesion,
spreading, retention, and viability on CNT-GelMA hydrogels relative to GelMA hydrogels
alone; furthermore, the conductive nature of the CNT-GelMA composite promoted the
propagation of electrical signals between the cardiac cells, facilitating strong
spontaneous beating even in the presence of cardio-toxins and cardio-inhibitors [30].
Servant et al. [35] also demonstrated the use of electric fields to initiate triggerable
pulsatile drug release with a CNT-methyl methacrylate hydrogel material that deswells in

the presence of an electric field.

In terms of designing externally-addressable hydrogels, the thermal properties of CNTs
have also attracted significant recent interest. In the context of drug delivery, by

combining “smart” thermosensitive gels with CNTs that can heat in response to a remote
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deep-penetrating near-IR source, thermal phase transitions can been remotely triggered
via near-IR irradiation [39]. Such activity could be applied to facilitate pulsatile release of
therapeutics, although this specific application has yet to be explored. However,
graphene oxide has been combined with a thermosensitive hydrogel to show promising
CNT-mediated drug release [40]. In the context of tissue adhesives, Du et al. [41]
reported a self-healing and temperature, pH and near-IR responsive supramolecular
CNT-polyethylene polyamine (PPA) hydrogel that exhibited excellent mechanical
strength and remarkable adhesion properties changeable externally using near-IR
irradiation (Figure 1.2); such a material is attractive for use as a switchable tissue

adhesive.
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Figure 1.2: Supramolecular CNT-PPA hydrogel composites. a) The proposed gelation
mechanism involving relatively strong and weak hydrogen bond formation. b) Response
of hydrogels to a repeated deformation stress of 800 Pa. The gels break completely but
immediately recover their elasticity, making these gels easily injectable. ¢) The hydrogel
nanocomposites adhere to glass substrates (left) and experience temperature-sensitive
adhesion characteristics, with the graph on the right showing the duration of time the
weight could be loaded on the glass slide at 40°C (circles) and 5°C (squares) d)
Macroscopic self-healing of CNT-PPA nanocomposites, with healing observed in two
minutes after the gel was cut in half [Adapted with permission from [41].]
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The practical use of CNT-loaded hydrogels as biomaterials is currently somewhat limited
because of the great deal of controversy regarding the toxicity of CNTs, with much
debate on either side of this issue [42—44]. It should be noted that CNTs used in
biomedical applications are typically shorter than CNTs that originally provoked toxicity
concerns (i.e. CNTs with lengths > 20 um, analogous to asbestos fibres) [45]. However,
even for the shorter CNTs, toxicity has been attributed to CNTs eliciting oxidative
stresses and inflammation on cells in vivo and in vitro [46]. Both the surface chemistry
and the geometry of CNTs have been demonstrated to positively influence
biocompatibility [45]; nonetheless, given the diversity of opinion on the definition of
biocompatibility and how the term is used and evaluated in the literature, it remains
unclear as to whether CNT-based materials are ultimately translatable to the clinic and, if
so, for what specific applications or in which particular biological environments.
Regardless, the application of hanomaterials with more well-demonstrated inertness or
the potential for biological processing/clearance is preferable to the use of CNTs in
biomedical applications if such substitutions can maintain the desired hydrogel

properties.

1.2.4 Gold Nanoparticle-Hydrogel Nanocomposites

Gold nanoparticles (AuNPs) can be fabricated as spherical nanoparticles, cylindrical
nanorods, or hollow nanocages. AuNPs can be physically entrapped inside a forming
hydrogel, loaded into a pre-formed hydrogel via electrostatic interactions [47], or grown
in situ inside a hydrogel via the precipitation of gold salts [48], offering more flexibility in

terms of how the nanocomposites are formed relative to CNTs. Analogous to CNTs, Au
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nanorods can also generate heat when exposed to a near-IR source by tuning the
aspect ratio, and therefore anisotropy, such that the absorption maximum of the
nanorods lies within the near-IR range [49]. Spherical AUNPs exhibit absorption maxima
in the visible range, depending on particle size (~520 — 550 nm); as the aspect ratio of
the particles is increased, the wavelength can be increased to the near-IR range (800-
1200 nm), which is more intriguing from a biomedical perspective due to the deep-
penetrating nature of light at these wavelengths [47, 50]. Furthermore, Au nanorods are
electrically conductive, leading to applications in terms of hyperthermia, drug release,

and tissue engineering [48,51].

The majority of gold nanoparticle hydrogel nanocomposites reported have been
developed for combined therapies involving near-IR induced drug release, imaging, and
hyperthermia, with most therapies targeted to cancer treatment [52-54]. Such therapies
exploit the both the near-IR absorption capacity as well as the surface plasmon
resonance properties of gold nanoparticles. For example, Wu et al. [54] fabricated
“smart” biomaterials consisting of AuNP encapsulated in hydrogel shells that could
internalize into specific cancer cells and subsequently allow for both imaging and in situ
drug release triggered by the lower pH of local areas within the cell. Other therapeutic
targets have also been pursued. For example, Kojic et al. [55] used the heating
properties of AUNPs to create injectable AuNP-silk hydrogels that successfully used
thermotherapy to treat bacterial infections in hard-to-reach areas as an alternative to

conventional antibiotic treatments.

Analogous to CNTs, the electrical conductivity of AuNPs makes AuNP-hydrogel

scaffolds of potential use for cardiac, neuronal, and muscle tissue engineering [48]. Dvir
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et al. [56] first reported 3D hydrogel-inorganic nanoparticle scaffolds that enhanced the
structure, phenotype, and function of seeded heart cells using gold nanorods inside an
alginate gel (Figure 1.3). The nanorods within the hydrogel formed star-like structures
that were thicker than the walls between the hydrogel pores, resulting in enhanced
electrical signal transmission throughout the scaffold. Heart cells grown in the presence
of an electrical pulse were better aligned and displayed phenotypes associated with
improved electrical and contractile properties, with synchronous contraction upon

electrical stimulation demonstrated following 8 days of culture [56].

Figure 1.3: Growth of cardiomyocytes in an electrically conductive alginate-Au nanowire
scaffold for cardiac patches. a) Mechanism of synchronization of cardiomyocytes (red)
across walls of a porous alginate hydrogel scaffold (blue) impregnated with Au
nanowires (yellow). b) SEM image of star-shaped Au nanowires embedded in scaffold
walls. ¢) Calcium transients (which indicate muscle cell contractions) at various points 2-
3 mm from a local electric stimulus indicate that cardiomyocytes grown in the
nanocomposite scaffold contract synchronously in response to electric stimuli,
analogous to natural cardiac tissue. [Adapted with permission from [56].]

Gold has a long-standing record of biocompatibility in multiple biological applications
[57], with its use in the body dating back centuries. As such, there are quite
appropriately many more examples of nanoscale AuNP-gel systems than CNT-gel
systems. AuNPs are also simpler to generate and easier to functionalize than CNTs

while offering many of the same properties of near-IR absorption and electrical
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conductivity. As such, at least in the short term, gold nanocomposite hydrogels have
significantly higher probabilities of being translated to the clinic, with some clinical trials
involving polymer-coated AuNPs now underway [58]. However, while evidence
suggests that gold is biologically quite inert, it cannot be biologically cleared, offering a

potential drawback for longer-term chronic therapeutic targets.

1.2.5 SPION-Hydrogel Nanocomposites

The use of magnetic nanoparticles, and in particular superparamagnetic iron oxide
nanoparticles (SPIONs), as biomaterials has grown increasingly popular in recent years
due to their facile and inexpensive bulk preparation, simple separation and detection,
and good record of biocompatibility in vivo [59]. In addition, unlike other inorganic
nanoparticles, iron-based magnetic nanoparticles can be degraded in vivo, exploiting a
biotransformation mechanism whereby SPIONs are converted into nontoxic iron species
within acidic intracellular lysosomes [60,61]. The superparamagnetic characteristics of
SPIONSs allow for both site-specific focusing in vivo using permanent magnetic fields and
the potential to generate heat in the presence of an alternating magnetic field (AMF) via
hysteresis losses associated with the relaxation characteristics of SPIONs in response to
AMFs (the exact mechanism of this heating is discussed in detail elsewhere [62,63]).
These properties have propelled research investigating the use of polymer coated
SPIONSs for drug delivery, generating contrast in magnetic resonance imaging (MRI),

and hyperthermia therapy [64].
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SPIONSs can be incorporated into hydrogel matrices to form magnetic hydrogels, often
termed ferrogels, that can also be used as hyperthermia agents and/or drug delivery
devices [65]. SPIONSs can be physically entrapped into a hydrogel network, generated in
situ via precipitation of iron salts, or (as described by llg [66]), used as a crosslinker to
drive gel formation [67]. When a ferrogel is placed in an AMF, drug release can be
enhanced by the physical motion of the SPIONs (typically triggered using lower
frequency AMFs); if the hydrogel is thermosensitive, drug release can be driven by this
same physical motion mechanism or heat generation by SPIONs (typically using higher
frequency AMFs) that drives a phase transition within the hydrogel and, by extension,

drug release [68,69].

In most reported SPION-hydrogel composites, SPIONs are physically entrapped within
the ferrogel network, limiting their capacity to provide significant mechanical
enhancement. Furthermore, most ferrogels are not injectable and would require
undesirable surgical implantation for in vivo use. We have recently developed an
injectable, degradable, highly elastic SPION-hydrogel composite that addresses these
limitations (Figure 1.4) [69]. This hydrogel is formed upon injection via a condensation
reaction between aldehyde-functionalized dextran and SPIONs functionalized with
hydrazide-functionalized PNIPAM. The resulting hydrogel is highly elastic (with elastic
moduli > 60 kPa and bulk properties more akin to an elastomer than a hydrogel despite
the high water content (> 80%)), both thermally and magnetically responsive, and (via
slow hydrolysis of the hydrazone crosslinks) degradable in physiological conditions. The
composite was also demonstrated to be biocompatible both in vitro and in vivo and

facilitated pulsatile, “on-demand” release of drugs using an external AMF.
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Figure 1.4: Injectable, magnetic, thermosensitive superparamagnetic hydrogels with
exceptionally elastic properties. a) Preparation of the SPION-PNIPAM hydrogels via the
formation of hydrazone crosslinks between aldehyde-functionalized dextran and
hydrazide-functionalized SPION-PNIPAM upon injection. b) Mechanical strengthening
effect of SPION incorporation into the hydrogel matrix, showing the elastic modulus with
(filled points) and without (hollow points) SPION incorporation. c) Pulsatile release of
bupivacaine (a local anaesthetic) from superparamagnetic nanocomposites at 37°C
controlled externally via AMF. Enhanced release is seen immediately after both 5 minute
AMF pulses and 10 minute AMF pulses (increasing the temperature to 43°C). [Adapted
with permission from [69].]

Although mechanically weaker, the macroporous ferrogel reported by Zhao et al. [70] is
also of significant interest from a drug delivery perspective; a 70% volume change was
observed upon magnetic heating, facilitating excellent triggerable control over drug and

cell release over multiple cycles.

The majority of research on ferrogels for biomedical applications involves sub-micron
scale nanocomposites, with SPIONs being incorporated into (often thermosensitive)
microgel structures or used to create nanoscale composites by forming gels around

individual SPIONs or SPION clusters [71,72]. In fact, Paquet et al. [71] showed that
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encapsulating clusters of SPIONs in microgel networks enhances the relaxation rate of
SPIONs for magnetic resonance imaging (MRI) due to the lower diffusivity of water
inside hydrogels. Magnetic microgels can circulate in the bloodstream in vivo and can
be precisely targeted using magnetic fields, similar to SPIONs themselves. The microgel
matrix facilitates improved biocompatibility, prolonged blood circulation times, and
improved drug loading and release characteristics relative to SPIONs alone [73]. Of
particular interest are the hollow superparamagnetic microgels fabricated via
supramolecular assembly by Chiang et al. [74]. The hollow core could be loaded with
drug and magnetically guided to tumor cells before being internalized. Drug release is
induced at acidic pHs (present in intracellular endosomes and lysosomes [74]) and could
be enhanced ~12-fold by AMF application. The particles were cytotoxic against tumor
cells via drug release and hyperthermia individually, with further enhanced efficacy in
combination. Tissue engineering applications have also been reported exploiting the
externally-addressable properties of SPION-microgel composites. For example, Xu et
al. [75] encapsulated cells within SPION-microgels and used their magnetism to

assemble these microgels into various 3D constructs.

1.2.6 Future Outlook/Challenges

In our view, there are four major materials-related themes for future research in this field
that are both scientifically interesting and practically necessary to facilitate translation of
hydrogel nanocomposites to clinical applications. First, the development of injectable,
degradable, and mechanically strong biocomposites, of which there are still very few

reports, is essential to utilize such materials without requiring surgical implantation and
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transition the applications of these materials to more biological environments, including
applications requiring at least limited load bearing. Second, ongoing advances in
engineering inorganic nanoparticles with more complex core-shell morphologies, in
many cases facilitating multi-functional responses to applied stimuli, are expected to
lead to the generation of novel hydrogel or microgel nanocomposites with “all-in-one”
imaging and therapeutic functionality. Third, the production of nanoparticles with novel
stimuli responses will permit the generation of new functional biomaterials. For example,
recent research on the incorporation of lanthanide-based up-conversion nanoparticles
into hydrogels that can absorb near-IR irradiation and release either visible light (useful
for imaging) or UV irradiation (useful for in situ crosslinking for drug release applications
or in situ cell killing) represent an attractive new class of materials with largely
unexplored biomedical applications [76,77]. Fourth, for pulsatile drug delivery
applications, increased enhancements in drug release upon triggering and decreases in
baseline (non-triggered) release are required to apply such materials in most practical

on-demand drug delivery applications.

However, in our view, the biggest challenge facing this field involves understanding the
biological responses to the nanoparticles themselves. This issue of biocompatibility has
been the source of a great deal of controversy for many of these nanoparticles due to
conflicting toxicity results. Concerns that particles can be released from hydrogels in
vivo, endocytosed by native cells, and damage local tissues and/or concentrate in
organs associated with the lymphatic system (e.g. kidneys, spleen) to cause greater
local damage are certainly warranted and have been supported by the work of Pan et al.
[78] and Shvedova et al. [79], among others. However, at the same time, many studies

have also shown promising in vitro and in vivo results, particularly as methods for
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fabricating, stabilizing, and functionalizing the nanoparticles continue to improve. This
has been particularly true for bulk hydrogels, which largely restrict the diffusion of the
nanoparticles within in the body prior to gel degradation. Understanding how the patrticle
toxicity is related to the specific properties of the individual nanoparticles (e.g. size,
shape, surface chemistry, etc.), coupled with a thorough physicochemical
characterization of those particles such that issues with toxicity can be accurately traced
back to specific properties, are essential to mitigate these concerns [80]. Furthermore,
the development of improved and more systematic methods to synthesize nanoparticles
with reproducible and well-defined dimensions, purify those nanoparticles, and
subsequently evaluate nanopatrticle toxicity based on defined standards is imperative to
accurately assess toxicity, understand the reasons for toxicity, and then engineer

nanoparticles that mitigate these issues.

1.2.7 Conclusions

Combining nanoparticles with hydrogels on various length scales results in the
generation of nanocomposites with several unique and useful physicochemical,
mechanical, and biological properties, with interactions between the nanoparticles and
hydrogels in some cases generating completely new properties. In particular, the use of
nanoparticles to externally address either materials or cells remotely and on-demand in
vivo offers the potential for higher resolution and longer term cell imaging, temporally-
controllable tissue engineering matrix formation, on-demand pulsatile drug delivery, and
switchable tissue adhesives, among other applications. We expect future work in

developing more stable or multi-functional nanoparticles, coupled with an improved
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understanding of the biological responses to those nanoparticles, will lead to future

clinical applications of these materials.
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1.3 Update on current trends in SPION-hydrogel nanocomposites for drug
delivery

Ever since pulsatile release from hydrogel nanocomposites was first demonstrated in the
mid-1980s, the field of externally-mediated drug delivery has slowly but steadily grown
as the understanding of polymer and materials science advanced to where they are
today." These advancements have afforded ample tools that have led to a burst of
activity in the development of novel triggerable drug releasing systems, a field still very
much in its infancy, in recent years. This can also be attributed to the realization that the
periodic delivery of therapeutics, termed chronopharmaceutical drug delivery, can be
highly beneficial for a multitude of treatments.? For example, improved biological
responses have been shown to be observed for the pulsatile delivery of hormones,
allergen treatments, chemotherapeutics, and vaccines, as well as for nitroglycerin and

opiates, which lose efficacy if delivered passively.”™

Despite this knowledge, these
treatments are still clinically performed via passive drug delivery systems that have
predetermined release rates that are independent of changing physiological
circumstances or patient needs.® Once such systems are implanted/injected into the
body they are completely beyond the control of health professionals and the patient.
This gap between what is known to be a worthier treatment method and the current state
of clinical therapies presents as a significant market opportunity in the development of
triggerable release systems. Consequently, there has been a plethora of research
investigating triggerable release systems, as evidenced by the number of review articles

1,7-11

in the area since my own previous review, including a couple excellent publications

by Merino et al. and Hauser et al.*’
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In these last few years, the amount of research regarding the use of carbon nanotubes
within remotely triggerable nanomaterials has waned as the health concerns associated
with these materials have grown over time. Many of the research groups formerly
investigating these materials seem to have transitioned to graphene oxide sheets, which
also respond to remote NIR sources.’®™ In fact, the majority of the research associated
with externally-triggered release revolves around NIR-thermally actuated systems with a
focus on gold nanomaterials, as shown in a splendid reviews by and Timko et al. and

Tong and Kohane.>'**°

For example, Timko et al. have recently developed a system
analogous to that of Hoare et al.,’® except the triggerable membrane containing
microgels also contained gold nanoshells instead of superparamagnetic iron oxide
nanoparticles (SPIONs).® The resulting systems possessed dramatic changes in release
in response to a 570 mW/cm? near-infrared (NIR) light source with 30 minute dosing

cycles, with a ratio of release rates between the on- and off- states of NIR-actuated

release of 30 with good reproducibility.®

An alternative NIR-triggerable material to gold nanoparticles was recently reported by
Wang et al.'” This involves a degradable supramolecular hydrogel nanocomposite made
from an alpha-cyclodextrin and poly(ethylene glycol) (PEG)-modified dendrimer hydrogel
encapsulating platinum nanoparticles. The platinum nanoparticles acted as a
photothermal agent that encouraged the degradation of the hydrogel upon NIR exposure
and allowed for enhanced drug release with NIR exposure.*” Light has also been used
in non-traditional activation strategies to affect controlled release. For example, in a
switch of common approaches for SPION-associated triggered release, PNIPAM
hydrogel beads that are intended to work within transdermal patches were embedded

with SPIONs were shown to be heated by visible light.'® SPIONSs are routinely actuated
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by AMF, but in this case visible light was absorbed by the SPIONs, which, in turn,
generated heat that was used to control dexamethasone release remotely and the rate

of release could be facilely controlled by altering the intensity of light.

Magnetism is the next most common actuation method of release. Both static and
alternating magnetic fields can be used to improve the efficacy of drug release from
hydrogel nanocomposites. Both strategies primarily utilize superparamagnetic iron oxide
nanoparticles (SPIONs), which are 5-20 nm nanoparticles that have enhanced magnetic
properties that provide biomaterials with targeting, imaging and tracking properties, and
the capacity to be used as triggers for drug release.” These particles are also generally
considered more biocompatible than alternative inorganic nanoparticles and can be
degraded to nontoxic iron species in vivo (indeed, they have been FDA-approved for iron

deficiency treatment').?%?!

Static magnetic fields are typically used to target magnetic
particles to specific locations in vivo, however they can be utilized to control drug release
as well. Static fields have been used to localize a chitosan/B-glycerophosphate hydrogel
composite with 0.6 w/v% SPIONs to specific locations in the bladder to effectively treat
bladder cancer.”? Cezar et al. recently developed biphasic magnetic hydrogels that
greatly deform due to a static magnetic field (a 1 Hz field for 2 minutes), and this

deformation was shown to effectively release significant bursts of mitoxantrone and even

cells.?

Several SPION-loaded hydrogel nanocomposites have been fabricated in the past
couple years with varying degrees of success in terms of their capacity for remotely-
actuated drug release, both on the macroscale and in bead form.*?*?® However, one of

the more interesting and promising materials are SPION-loaded, degradable
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poly(organophosphazene) microgels that are coated in PEG and -isoleucine ethyl ester.
These microgels, developed by Zhang and Song, form a bulk hydrogel upon injection,
similar to the sol-gel transition of thermogelling polymers.?’ The concentration of
SPIONSs throughout the gel is known, allowing for effective, consistent remotely-actuated
hyperthermia and potential concurrent drug release. The injected materials were shown
to be effective at reducing tumour volume via hyperthermia alone, as shown in Figure
1.5, so adding localized chemotherapeutic delivery to this treatment (which is their stated

next step towards clinical trials) should prove even more intriguing.?’
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Figure 1.5: (a) Schematic of the composition of the SPION-loaded microgel particles
and their thermosensitive sol-gel transition as the extended PEG chains collapse at
higher temperatures and the -isoleucine ethyl ester components form physical junctions
that result in a hydrogel that is localized in the region of injection. (b) The use of SPIONs
in vivo, both acting as MRI contrast agents and the agents responsible for heating during
single, or multiple magnetic hyperthermia treatments (MHTS). (c) Heating of the SPION-
microgels for multiple MTHs (heating to 39-45°C) and magnetic thermal ablation (MTA,
heating >45°C) with an AMF. (d) Therapeutic outcomes for in vivo studies on tumour
xenografted mice with multiple MTHs or MTA via AMF. Adapted with permission from

[27] )
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In what seems to be a new approach to the design of a remote actuation system, iron
nanowires (FeENWSs) have recently been combined with thermoresponsive materials to
externally control drug release. Yassine et al. actually incorporated FeNWs (500 nm x
45 nm) into PNIPAM beads within a microfluidic chip and demonstrated enhanced
release of Rhodamine B due to an AMF operating at 20 kHz, a much lower frequency
than that required to activate SPIONs.”® This lower frequency can produce similar
amounts of heat as SPIONs in a AMF operating at 200 — 450 kHz, as the heat generated
in response to the AMF is due to friction in the case of FeNWSs instead of via magnetic
losses (Néel and Brownian relaxation).? This difference in required operating
frequencies relates to 5 times less power being used to generate the same amount of
heat and means that simpler and inexpensive equipment can be used to generate the
required amount of heat. FeNWs derived naturally from bacteria were loaded with

doxorubicin and entrapped in hydrogels by Kumeria et al.?°

An AMF was applied to
simulate concurrent hyperthermia/chemotherapy, with the doxorubicin release rate ~2

times larger upon to 30-45 minute pulses relative to the baseline release.

In an interesting twist to conventional uses of gold nanoparticles, gold nanopatrticle films
have also recently been embedded in PNIPAM hydrogels and used to generate heat to
release doxorubicin using an AMF operating under normal conditions (similar to what
would be used for thermogenesis with SPIONs).* This is the first example of
thermogenesis of non-magnetic particles in an AMF, where the heat produced via eddy-
current heating, which relies on the collective conductivity of the supra-structure of
spherical gold nanoparticles arranged in a film. The justification for using this method
was that gold nanoparticles are commonly shown good biocompatibility, the fabrication

method was facile (using layer-by-layer techniques), and the penetration depth of near-
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infrared systems needs to be improved to be effective on a large scale and be used in
large animals; AMFs, which have unlimited penetration depth, are an obvious candidate

in this regard.***

Other interesting strategies of externally-triggered, pulsatile delivery are also being
investigated that do not involve hydrogels but could prove to ultimately be
commercialized in the future. Nuxoll et al. have developed a membrane-based system
based on alternating layers of drug depots and degradable polyvinyl alcohol (PVA)
barriers, with the barriers designed to degrade and release a bolus of drug in the depot
layers every 4 — 24 hours.® This system does, however, require surgical implantation,
and the therapeutic release is predetermined and thus beyond the control of health
professionals and the patient following implantation. In a method that utilizes the
properties of inherently non-photoresponsive polymers, Viger et al. developed
electrosprayed dense PLGA particles that contain drug and can be hydrated to contain

water pockets that can release drug in response to laser light.*

This laser light is
specifically chosen to be resonant with the vibrational absorption of water in the near-IR
region (980 nm) and is used so that the confined water pockets absorb the energy from
the laser and generate heat that cannot be rapidly dissipated as they are tightly confined
within the polymer matrix. Ultimately, this excitation energy is transferred to the polymer
matrix, inducing a phase change as the temperature of the polymer matrix exceeds its
glass transition temperature (T4) and encouraging drug release. The ratio of the release
rates of fluorescein from the polymer particles between the on- and off-states of the laser

application up to a remarkable 25:1 in this case.®® This type of work opens the door to

release from heating thermoplastic polymers that reversibly transition (at a glass
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transition temperature) from brittle states that oppose drug diffusion to a rubbery,

amorphous state that promotes drug release.

There are only a couple of other examples of using the melting point (T,) or T4 of
polymers to remotely activate drug release. Miuller et al. recently developed bio-based,
hydrophobic dextran ester derivatives that had defined melting points. When magnetic
nanoparticles were integrated into the polymer, the resulting composite showed well-
defined drug release in response to an external AMF.** Rovers et al. have demonstrated
the use of the glass transition to drive on-demand release®, using an implantable
polymer with a poly(methyl methacrylate) p(MMA)-co-SPION core and a poly(butyl
methacrylate(BMA)-co-MMA) shell that can be tuned to have a specific T, (Figure 1.6).
The resulting cylindrical implant (10 mm L x 3 mm D) was shown to have significantly
greater release rates of ibuprofen when exposed to an AMF for a brief period of time, as
the shell can allow for much larger rates of diffusion in the rubbery, amorphous state.*
However, given the tunable proximity of polymer T4 values to physiological temperatures
coupled with the proven record of tissue compatibility of the pMMA/pBMA polymers such
T4-responsive materials can be based on, it seems clear that there is significant potential

in further exploring the use of the T, of polymers to initiate externally-mediated, on-

demand release.
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Figure 1.6: Schematic of the core-shell implant design (left) and the on-demand release
from a composite with 5 wt% ibuprofen and 50% SPIONSs in a bath at room temperature
with periodic 1 hour AMF exposures (right). Adapted with permission from [*].

A common theme of the aforementioned release systems is that the majority of them are
not injectable and have to be surgically implanted in the body. Improving the ease of
administration would be highly important to minimize time and cost of treatment, as well
as to improve patient compliance and well-being. Furthermore, the use of hydrogels,
which currently have several biomedical applications®* and are physiochemically similar
to soft tissues (resulting typically in lower cytotoxicities and immune responses in
comparison to many alternative biomaterials),* would also be a suitable material choice

for the development of novel biomaterials.

Thus, using injectable hydrogel composites that contain a material that can undergo a
phase transition and another material that can produce energy in response to an
external stimulus and transfer that energy to the phase change material present as a
plausible niche to explore to produce novel on-demand, externally triggerable ‘smart’

release systems.
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1.4 Objectives

The successful development of devices capable of chronopharmaceutical delivery,
where the rate of drug release is precisely controlled, could significantly improve a wide
range of therapies.' It has recently come to light that tightly controlled
chronopharmaceutical delivery could improve the treatment of not only diseases that are
rather obvious candidates for improved therapies with precisely controlled release
kinetics (such as insulin for diabetes, opiates for chronic pain treatments, and
hormones), but also numerous others that are currently treated with passive release
systems (such as allergens, vaccines, chemotherapeutic agents, etc.)."?  Such
treatments could also be personalized to the patient and adaptable to their needs post-
administration. Thus, the market potential of devices that could achieve
chronopharmaceutical delivery of a broad variety of therapeutics is immense. Despite
this knowledge, the vast majority of current therapies and current drug delivery research
is focussed on passive-release systems that are beyond the control of health
professionals and/or patients and are not adaptable to changing physiological

circumstances and patient needs after their administration.®

The MicroCHIPS device initially developed in the Langer Lab is the currently the gold
standard in the field of chronopharmaceutical delivery. These devices are undergoing
clinical trials for the remotely triggered delivery of drugs to treat osteoporosis via wireless
electrical signals sent to an implanted, localized MicroCHIPS device (roughly 5 cm x 3
cm x 1 cm in size).* While this type of system is extremely promising, these devices,
along with several alternate promising devices,”>’ are not injectable or degradable, and

thus require both surgical implantation and removal. If similar control over release
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kinetics could be achieved by a localized system that is both injectable and degradable,
invasive surgical procedures could be avoided and patient compliance and quality of life

could be further improved.

My approach focussed on developing injectable systems capable of the remotely
triggerable release profiles associated with chronopharmaceutical release systems by
utilizing the existing technologies and expertise of our lab and extending this knowledge
to the area of externally-controlled, chronopharmaceutical drug release. The hydrogels
that were developed by Mathew Patenaude were an obvious material to use, as they are
injectable, degradable and highly adjustable properties.®>® These injectable hydrogels
are generated from one polymer functionalized with hydrazide functionality interacting
with another polymer with hydrazide functionality, resulting in a hydrogel with covalent,
hydrolytically degradable hydrazone crosslinks. Heilshorn et al. coined the term ‘mixing

° These

induced two-component hydrogel’ (MITCH) for this type of hydrogel system.*
hydrazone MITCH-type hydrogels can be composed out of a variety of different
polymers, including the thermosensitive polymer poly(N-isopropyl acrylamide)
(PNIPAM), which can be used as the thermosensitive polymeric component to a
nanocomposite drug-eluting system. Another potential thermosensitive polymeric
component that can be used for smart, externally addressable systems are PNIPAM-
based microgels, which were Todd Hoare’s focus during his PhD and could be used for
nanoscale externally controllable systems.'**? These materials also experience possess
a VPTT that can be employed to mediate drug release. Another potential

thermosensitive polymeric system is latexes that possess a glass transition temperature

T4, which | generated during my undergraduate thesis work.** The transition from a solid
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and glassy state to a rubbery and amorphous state upon heating above the T, of the

material can be exploited to mediate drug release.

Any of these thermosensitive materials could be combined with an inorganic particle
capable of generating heat in response to an external stimulus, which were discussed in
depth in the previous section. SPIONS were chosen for our application not only
because they were previously used by Todd Hoare in his post-doctorate work,> but also
because, as previously mentioned, they are one of the least toxic thermogenerating
inorganic nanoparticles and they produce heat in response to AMFs, which can
penetrate into deep tissues.'***> Importantly these SPIONs can be facilely incorporated
within thermosensitive latex particles, hydrogels, and microgels. Thus, this work
revolves around the combination of SPIONs with thermosensitive polymeric components
to development novel ‘smart’ materials that are capable of externally-triggered drug
release, transitioning from macroscale hydrogel systems to nanoscale microgel and

latex particle systems.

Chapter 2 is based on injectable superparamagnetic hydrogels fabricated by PNIPAM-
ADH-functionalized SPIONs gelling with dextran-aldehyde that largely focussed on
developing unique nanocomposite materials and analyzing their surprising mechanical
and physical characteristics. These nanocomposites are also tested for their capacity
for AMF-mediated drug release, along with their potential to be used as biomaterials in in

vitro and in vivo experiments.

Chapter 3 involves injectable hydrogels with entrapped thermosensitive, PNIPAM-based
microgels and SPIONs with them and focusses on the determination of the actual drug

release mechanism from these systems due to AMF applications. These experiments
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focus on the release characteristics from these systems with continuous and pulsed

AMF applications to elucidate a probable release mechanism.

Chapter 4 explores our attempts to improve/further understand the degree of enhanced
release from the same microgel-SPION-hydrogel nanocomposite systems. Various
characteristics of the nanocomposites and AMF application process, such as the
microgel volume phase transition temperature (VPTT), microgel content, hydrogel
swelling characteristics and the duration of the AMF pulse, were altered to observe their

effect on the ratio in release rate between having the AMF in the on- versus off-state.

Chapter 5 can be seen as the transition from micro- to nano-scale materials. This
chapter involves the development of the microinjection device for ophthalmic delivery of
our in-situ gelling MITCH-type hydrogel materials. The hydrogels injected from these
devices are essentially large microgels (in the millimeter size range), and could
ultimately be used to deliver magnetic, SPION-containing gels to the eye or other

regions of the body for magnetic targeting or magnetically-actuated release.

Chapter 6 investigates the potential of magnetic thermosensitive poly(N-isopropyl
methacrylamide (PNIPMAM)-co-acetoacetoxyethyl methacrylate (AAEM)) microgels for
AMF-actuated drug release. The microgels are initially prepared via precipitation
polymerization and then the SPIONSs are coprecipitated in the presence of the microgels,
allowing the SPIONs to coordinate with the AAEM within the microgels. This project is

the first to show any sort of enhanced release from microgels with an AMF application.

Chapter 7 presents latex particles where a T4-controlled release mechanism is used to

allow for AMF-triggered drug release. These particles are entrapped with the MITCH-
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type hydrazone-crosslinked hydrogel systems along with SPIONs for remote controlled
release experiments. This is the first example of nanoscale latex particles being used for

T,-mediated release.

Chapter 8 offers as a brief discussion on this work as a whole, including its potential

future significance in the field of remotely controlled therapeutic delivery.
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Chapter 2: Superparamagnetic Hydrogels

2.1 Preface

This paper describes injectable superparamagnetic hydrogels that we fabricated by
functionalizing or coating SPIONs with hydrazide-functionalized PNIPAM and gelling
these SPIONs with dextran-aldehyde to generate a hydrogel nanocomposite with
SPIONs directly incorporated into the network structure. As a result, these
nanocomposite materials had remarkable mechanical and physical characteristics (G’ >
60 kPa), exhibited low toxicity in vitro, and actually appeared to act as tissue adhesives
in vivo. These magnetic hanocomposites were also assessed for their capacity for AMF-
mediated drug release, where the release rate was found to be ~2.6:1 when the AMF

was in the on- versus off-state.

2.2 Injectable superparamagnets: Highly elastic and degradable poly(N-
isopropylacrylamide)-superparamagnetic iron oxide nanoparticle (SPION)
composite hydrogels

Campbell, S.B., Patenaude, M., and Hoare, T. Biomacromolecules, 2013, 14(3), 644-

653.

Reprinted with permission. Copyright 2013 American Chemical Society.
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2.2.1 Abstract
Injectable, in situ-gelling magnetic composite materials have been fabricated by using
aldehyde-functionalized dextran to cross-link superparamagnetic nanoparticles surface-
functionalized with hydrazide-functionalized poly(N-isopropylacrylamide) (pNIPAM). The
resulting composites exhibit high water contents (82-88 wt.%) while also displaying
significantly higher elasticities (G’ >60 kPa) than other injectable hydrogels previously
reported. The composites hydrolytically degrade via slow hydrolysis of the hydrazone
cross-links at physiological temperature and pH into degradation products that show no
significant cytotoxicity. Subcutaneous injections indicate only minor chronic
inflammation associated with material degradation, with no fibrous capsule formation
evident. Drug release experiments indicate the potential of these materials to facilitate
pulsatile, “on-demand” changes in drug release upon the application of an external
oscillating magnetic field. The injectability of these high-strength and externally-
triggerable materials, coupled with their biological degradability and inertness, suggest

potential biological applications in tissue engineering and drug delivery.

Keywords: superparamagnetic nanoparticles, hydrogels, in situ gelation, injectable

materials, composite materials
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2.2.2 Introduction
Hydrogel-based composites have received a great deal of recent attention as potential
materials for tissue engineering™?, wound-healing®*, catalysis®°, biosensors”®, and in

drug delivery systems®™2

Such applications arise from the fact that hydrogels
themselves are mechanically and physically similar to the extracellular matrix of soft
tissues, have high void fractions for diffusion, and have highly tunable properties.®
Hydrogels that are capable of swelling and deswelling in response to external stimuli,
such as pH, ionic strength, temperature or electric field, offer additional advantages in
the design of “on-demand” drug delivery systems that can be switched on and off based
on their environment.”**> One of the most common polymers used to create “smart”,
stimuli responsive hydrogels is poly(N-isopropylacrylamide) (pNIPAM), which exhibits a
volume phase transition temperature (VPTT) of approximately 33°C.***%*" The VPTT

may be altered by copolymerizing pNIPAM with monomers of different hydrophilicity to

suit specific applications.®

Inorganic nanoparticle composites based on “smart”, stimuli-responsive hydrogels
have become a particular focus, both for mechanical reinforcement®® as well as for
introducing  optical’,  electronic'®,  anti-microbial®,  photothermal®®,  and/or
photocatalytic® properties to the hydrogel. Of particular interest, superparamagnetic
iron oxide nanoparticles (SPIONs) not only generate heat when placed in an
oscillating magnetic field (OMF) from hysteresis losses, but also have the additional
capacity to provide site-specificity (via focusing with a permanent magnet).?>** Such
composites could be used for externally-activated but locally-induced hyperthermia

treatment (i.e. exposing cancerous regions to elevated temperatures (~43°C) that will

lyse the more temperature sensitive cancer tissues while being safe for normal

54



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

tissues?®) and/or as scaffolds for the delivery of therapeutic agents. Consequently,
thermosensitive composite materials containing SPIONs have been widely pursued
in recent years.?>*?" While several hydrogel-SPION composite materials have been
fabricated, few are able to be directly injected to the desired site of interest while
maintaining their mechanical integrity. The development of injectable materials with
similar physical properties and drug release profiles to currently reported

macroscale-systems?®?®

would be highly beneficial to expand the potential
applications of such materials and improve patient convenience. Several
mechanisms exist that could be used to facilitate in situ gelation of composite
hydrogels, including physical triggers such as changes in pH or temperature or
chemical reactions of complementary groups such as thiol-vinyl sulfone, thiol-
maleimide, amine-acrylate, aldehyde-hydrazide, etc.?**' The further ability of many
of these hydrogel crosslinks, and consequently the composite materials, to degrade

in vivo would also allow for the clearance of their comprising components from the

body over time.

Most currently reported SPION-hydrogel composite systems either physically entrap
pre-fabricated SPIONs in a hydrogel matrix or form the SPIONs in situ following
hydrogel synthesis.** These methods generally produce materials that exhibit weak
interactions between the nanoparticles and polymer molecules, resulting in minimal
enhancement of the mechanical properties of the composite material. If the SPIONs
are instead surface-functionalized (via physical adsorption of functional polymer** or
some other method), the SPIONs can be directly crosslinked into the network. Such
a morphology would be anticipated to significantly enhance the mechanical

properties of the composite, transforming rather soft, brittle hydrogels® into
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elastomeric materials, and thus lead to other potential applications of the composites

(e.g. embolic or structural biomaterials).**

In this paper, we report the fabrication of novel composites involving a
thermosensitive, injectable, covalently crosslinked, stimuli-responsive hydrogel in
which one of the polymers used to form the hydrogel is physically adsorbed to

SPIONSs. Following the method of Patenaude and Hoare®+®

, the hydrogel is formed
by crosslinking thermosensitive, hydrazide-functionalized pNIPAM with aldehyde-
functionalized dextran to form hydrolytically degradable hydrazone crosslinks
between the two polymer precursors. The in situ-forming composites can be injected
using a double barrel syringe, with both components mixing just prior to being
injected into the desired site.’> A number of previous studies have examined
composite materials combining pNIPAM and SPIONSs, coupling the thermosensitive
nature of pNIPAM with the externally-induced heating capability of SPIONs.***
However, in this work the hydrazide-functionalized pNIPAM is directly peptized to the
surface of the SPIONSs, resulting in very strong interactions between the SPIONs and
the covalently crosslinked hydrogel matrix. The resulting hydrogel composites show

exceptional, elastomer-like mechanical properties while maintaing physiological

degradability and high cytocompatibility.

2.2.3 Experimental
Materials:  Acrylic acid (AA, 99%), ammonium hydroxide (NHs; content 28-30%),
bupivacaine hydrochloride (99%), dextran from Leuconstroc spp. [M, = 500,000],

ethylene glycol (99.8%), iron(lll) chloride hexahydrate (97%), iron(ll) chloride
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tetrahydrate (99%), mercaptoacetic acid (MAA, 98%), N-3-dimethylaminopropyl-N-ethyl
carbodiimide hydrochloride (EDC, commercial grade), sodium periodate (>99.8%), and
thiazolyl blue tetrazolium bromide (MTT) were all purchased from Sigma Aldrich
(Oakville, ON). Adipic acid dihydrazide (ADH, 97%) was purchased from Alfa Aesar
(Ward Hill, MA). Dimethyl 2,2'-azobis(2-methylpropionate) (98.5%) was purchased from
Waterstone Technologies (Carmel, IN). Dimethyl sulfoxide (DMSO, reagent grade) was
purchased from Caledon Laboratory Chemicals (Georgetown, ON). Hydrochloric acid
(1M) was received from LabChem Inc. (Pittsburgh, PA). NIPAM (99%), purchased from
Thermo Fisher Scientific (New Jersey, NJ), was further purified by recrystallization with
toluene/hexane. 3T3 Mus musculus mouse cells were obtained from ATCC: Cederlane
Laboratories (Burlington, ON). Cell proliferation media, recovery media, and trypsin-
EDTA were all acquired from Invitrogen (Burlington, ON). The proliferation medium
components included Dulbecco’s modified Eagle’s medium-high glucose (DMEM), fetal
bovine serum (FBS), and penicillin streptomycin (PS). All water used was of Milli-Q

grade, purified with a Barnstead Nanopure ultrapure water system.

pNIPAM-hydrazide synthesis: In a similar procedure to Patenaude and Hoare®, 4.00
g of NIPAM was copolymerized with 1.00g of acrylic acid in 20 mL of ethanol, using 87
ML of mercaptoacetic acid as a chain transfer agent and 0.0555 g of dimethyl 2,2'-
azobis(2-methylpropionate) as an initiator. The polymerization was performed overnight
at 56 °C under a nitrogen atmosphere, after which the ethanol was removed by
evaporation and the polymer was dissolved in deionized water (DIW) and dialyzed over
6 cycles. The solution was then Ilyophilized to obtain dry poly(AA-NIPAM).
Conductometric titration (ManTech Inc.) indicated the copolymer contained 16.1 + 0.5

mol% acrylic acid residues. The resulting polymer was re-dissolved in DIW and
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functionalized with hydrazide groups by adding a 10x molar excess of adipic acid
dihydrazide, changing the pH of the solution to 4.75, and adding a 5x molar excess of
EDC (dissolved in 5 mL of DIW). A pH of 4.75 was maintained for 4 hours via the
addition of 0.1M HCI or NaOH, as required. The resulting hydrazide-functionalized
pNIPAM polymer was then returned to neutral pH before being dialysed over 6 cycles
and subsequently lyophilized. Conductometric titration indicated that 92 + 3% of the
carboxylic acid residues in the polymer were functionalized with hydrazide groups,
resulting in a 14.8 + 0.7 mol% functionalization of polymer with hydrazide groups.
Aqueous gel permeation chromatography (GPC, Waters Corporation) indicated a

number average molecular weight of 21.6 kDa (polydispersity 1.65).

Dextran-aldehyde synthesis: 1.50 g of dextran (MW: 500,000 Da) was dissolved in
150 mL of DIW in a 500 mL round bottom flask. 0.8 g of sodium periodate was dissolved
in 5mL of DIW and added to the dextran solution dropwise under magnetic stirring. After
two hours, 0.4 mL of ethylene glycol was added to the solution and stirred for one more
hour to arrest the oxidation. The product was subjected to 6 cycles of dialysis for

purification and lyophilized for storage.

The degree of aldehyde functionalization of periodate-oxidized dextran was determined
by selectively oxidizing the polysaccharide-bound aldehyde groups to carboxylic acid
groups using silver (I) oxide and quantifying the acid groups using conductometric
titration.*? Briefly, oxidized dextran (0.1g, 0.0002 mmol) was dissolved in 10 mL of DIW
along with sodium hydroxide (0.248g, 6.2 mmol). After the dextran was completely
dissolved, silver (1) oxide (0.3859g, 1.6 mmol) was added to the solution and the solution

was allowed to stir overnight. 5 mL of reaction solution were then added to 45 mL of
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deionized water, and the solution was titrated using 0.1M NaOH. Based on this assay,
17.4% of dextran residues underwent oxidative cleavage, yielding approximately 2400

aldehyde groups per chain of 500 kDa oxidized dextran.

pNIPAM-hydrazide-SPION synthesis: Iron (Ill) chloride hexahydrate and iron (Il)
chloride tetrahydrate were dissolved in a 2:1 molar ratio in 12.5 mL of deionized water.
6.5 mL of ammonium hydroxide was added dropwise under mixing over ten minutes.
After ten additional minutes of mixing, 2 g of the pNIPAM-hydrazide polymer (dissolved
in 15 mL water) was added and the mixture was heated to 70°C for 2 hours under
vigorous stirring to peptize the ferrofluid surface. The ferrofluid was then cooled, washed
using magnetic separation with 10 mM phosphate buffered saline (PBS) for 5 cycles,
and concentrated using a permanent magnet. The magnetic particles were
characterized in terms of their size using TEM and their magnetization properties using a
Superconducting Quantum Interference Device (SQUID, Quantum Design MPMS
SQUID Magnetometer). Thermogravimetric analysis indicated that 21-24 wt.% of the
mass of the coated SPIONs is attributable to the polymer layer (see Supporting

Information, Figure S2.1).

Composite formation: The composite hydrogels were fabricated via condensation of
hydrazide-functionalized and aldehyde-functionalized copolymers dissolved in 10 mM
PBS. The hydrazide functionalized polymer-SPION complex [12 wt.% (m/v)] and
aldehyde functionalized polymer solution [2-10 wt.% (m/v)] were loaded into different
barrels of a dual-barrel syringe, shown in Figure 2.1, capped with a static mixer so the
two reactants are thoroughly mixed upon injection. The ratio of aldehyde:hydrazide

functional groups for each composite material as the aldehyde polymer content of the
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composites varies is shown in Table 2.1.  Therapeutic agents, such as the local
anaesthetic bupivacaine hydrochloride used here, can be dissolved in both reactive
phases if desired. The components were injected into rubber cylindrical moulds
(diameter 3/8” and height 1/8”) and allowed to undergo gelation for 10 minutes to form

composite magnetic disks.

pNIPAM-hydrazide

\ SPION
o ] ~
%" o
. % \(
pa ’ 7N
v 4 s
Drug Drug
(if used) < (if used)
S ~ dl =
v o% @,
& A @ ©
e o/@ P}

/

Dextran-aldehyde

Figure 2.1: Hydrogel fabrication process. A double barrel syringe in which one barrel
contains the pNIPAM-hydrazide-coated SPIONs and the other contains the dextran-
aldehyde hydrogel precursor was used to prepare the composite disks for testing. Both
materials are dissolved/suspended in PBS solutions, with a pharmaceutical agent of
interest dissolved in both barrels if desired. Upon injection, the solutions are intimately
mixed in a static mixing channel before being injected into a silicone mold through a
needle tip for the formation of the test composite magnetic disks.

Table 2.1: Ratio of aldehyde:hydrazide functional groups in the composite magnetic
disks.

Dextran-aldehyde Ratio of aldehyde:hydrazide
content (wt.%) functional groups
2 0.85
4 1.70
6 2.56
8 3.41
10 4.26

60



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

Thermogravimetric analysis (TGA): Prior to TGA, the water content of the composites
was determined using gravimetric analysis by drying the samples overnight inside a
50°C oven. The magnetic nanoparticle concentration within the dried composites was
subsequently determined by thermogravimetric analysis using a Luxx Netzsch STA-409
thermogravimetric analyzer. The composites were heated from 25°C to 900°C at a rate

of 5°C per minute under an argon atmosphere.

Swelling measurements: The swelling of the composite materials was determined
gravimetrically by comparing the mass of the composite disks directly after gelation (at
25°C) with the mass of those same disks following incubation in 10 mM PBS (total ionic
strength 0.15M, pH 7.4) at physiological temperature. Composite disks were placed
inside cell culture inserts (2.5 cm, 8um pore size), removed at pre-defined intervals,
lightly dabbed with a Kimwipe to remove surface water, and weighed, with changes in
mass corresponding with changes in the water content of the composite disks. At least
four replicates were performed for each sample, with the error bars representing the

standard deviation of the percent mass change of the composite materials.

Composite degradation: Degradation assays were conducted by loading the
composites (n = 4) inside the same cell culture inserts used for swelling assays and
placing these samples into 2 mL of 0.01 M, 0.05 M, 0.1 M, 0.5 M, and 1 M hydrochloric
acid (enhanced degradation) or 10 mM PBS (modelling physiological degradation).
Changes in the gel mass were measured gravimetrically over time until the bulk material

had completely degraded to soluble/suspended components.

Mechanical characterization: The storage and loss moduli (G’ and G”, respectively)

were measured using an ARES parallel-plate rheometer (TA Instruments) using a
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frequency sweep range of 0.1-100 rad/s at 25°C. The constant strain used for these
frequency sweep tests was selected to lie within the linear viscoelastic region identified
using a strain sweep test for every composite material tested. The parallel plates used
were 7 mm in diameter and separated by a gap of 1 mm, with the composites carefully
prepared to fill the entire void between the two plates. The compressive strength (the
maximum stress a material can sustain under compressive loading) and compressive
modulus (the ratio of stress to strain during compression) of the composites were
determined using an Instron 3365 mechanical testing system based on methods
previously described.”* Composites 7 mm in diameter and 6 mm in height were
compressed at a constant rate of 1 mm/min to a total of 2.5 mm of deformation at 25°C.
The compressive stress-strain curve was measured using a 5 kN load cell, while the
height and diameter of the composites were measured with digital calipers before and
one minute after compression to determine how well the overall shape of the composite

was retained after compression.

Pulsed-induction drug release experiments: Pulsed drug release tests were
conducted by placing a composite disk in a vial with 3 mL of 10 mM PBS and mounting
the vial inside a circulating water bath placed inside a magnetic coil. The circulating
water bath maintained a constant temperature of 37°C in the sample in the absence of
magnetic induction. Samples were collected before and after a 5 minute magnetic pulse
(200 kHz, 30 A, 1.3 kW, with a 2 coil, 8 cm diameter solenoid), followed by 30 minutes
(with three sample collections) during which no magnetic induction was applied. This
cycle was repeated numerous times over the next 3-5 hours to evaluate the capacity of
the materials to facilitate pulsatile release. Samples were analyzed for drug

concentration using HPLC analysis (Waters Binary 1525 HPLC system, Atlantis 5 ym
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4.6x100mm column, 35% phosphate buffer/65% acetonitrile continuous phase, Waters

2489 UV/Visible Detector, 263 nm wavelength).

In vitro cytocompatibility assay: The cytocompatibility of the composite disks as well
as both the polymeric and inorganic components of the composites were assessed using
3T3 Mus musculus mouse cells. 24-well polystyrene plates were cultured with 20,000
3T3 cells and 1 mL of proliferation media. After 24 hours, cells were exposed for an
additional 24 hours to various concentrations of composite precursors (0.1, 0.4, 0.8, 1.2,
1.6, and 2 mg/mL) as well as the composites themselves, in which pre-cast composites
were placed on top of the cell layer (assessment of leachate cytocompatibility). Cell
viability was characterized via a modified MTT assay described by Pawlikowska et al.*
The absorbance of the MTT solution was read using a Biorad microplate reader (model
550) at 540 nm against a 749 nm baseline and compared to that measured in cell-only

wells in which no materials were added using the following equation:

cell Ulablllt_’y (%) — (absorbancepolymer—exposed,540 nm—absorbancepoiymer—exposed,749 nm)

(absorbanceblank,s‘m nm—absorbancepignik,749 nm)

(1)

For all assays involving SPIONs, magnetic separation was used to separate SPIONs
from the formazan dispersed in the DMSO, followed by centrifugation at 3,000 rpm for
10 minutes prior to measuring the sample absorbance to ensure no interference of
SPION scattering in the assay. Each sample was tested four times, with error bars

representing the standard deviation of the cell viability percentages measured.

In vivo tolerability assay: The in vivo toxicity of the composite disks was assessed

using a mouse subcutaneous injection model. A total of four BALB/c mice (22-24 g,
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Charles River Laboratories) were injected with 0.35 mL of a 12 wt.% SPION-NIPAM-
hydrazide / 8 wt.% dextran-aldehyde composite, using the previously described double-
barrel syringe system. Four additional mice were injected with 10mM PBS to serve as
controls for comparing the response of the mice to the composite disks. Animals were
visually observed to identify any toxic response throughout, with two animals with
composite disks and two PBS control animals sacrificed 3 days following injection (acute
response) and another two animals with composite disks and two PBS control animals
sacrificed 5 weeks after injection (chronic response). A tissue sample that includes skin,
underlying tissue, and residual material was recovered from the animals and subjected
to histological analysis using hematoxylin and eosin staining. Animals were cared for in
compliance with protocols approved by the Animal Research Ethics Board at McMaster
University and regulations of the Animals for Research Act of the Province of Ontario

and the guidelines of the Canadian Council on Animal Care.

Statistical Analysis: The compression results are expressed as a mean * standard
deviation (n=3). Unless otherwise specified, error bars represent the standard deviation
(n=4) from the mean. The determination of the statistical significance of differences was
determined using a two-factor analysis of variance (ANOVA) with replication (n=4) at a

confidence level of 95% (p<0.05).

2.2.4 Results and Discussion
Composite characterization: Thermosensitive magnetic composites were fabricated
via in situ gelation of hydrazide-functionalized pNIPAM (peptized to the surface of

SPIONSs) and aldehyde-functionalized dextran. The pNIPAM-hydrazide-coated SPIONs
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were concentrated to a total concentration of 12 wt.% in 10 mM PBS, while dextran-
aldehyde was dissolved at different mass ratios in the same PBS buffer and co-extruded
through a double-barreled syringe to form the composite. TGA of multiple batches of
pNIPAM-hydrazide-coated SPIONs showed that their dry mass is 77-78% iron oxide
(see Supporting Information, Figure S2.1), while TEM showed that the individual SPION
particles were typically between 10-20 nm in diameter, with clusters from 30-200 nm in
size (from Image J analysis), although some aggregation was observed typical of

SPIONSs produced via the coprecipitation method used herein®®#45-47

(see Supporting
Information, Figure S2.2). Gravimetric analysis indicated that the composite materials
have water contents of 88 + 3, 86 + 3 and 82 + 5 wt.% for 2, 6, and 8 wt.% dextran
aldehyde contents respectively, suggesting the composites have a primarily hydrogel

character. Thermogravimetric analysis of the dry composite materials is shown in Figure

2.2.

100 |-

2% Dextran-aldehyde
== 6% Dextran-aldehyde

90 L 8% Dextran-aldehyde

80 |-

70 |

Mass (%)

60 -

50 |-

40 -
1 1 L 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 2.2: TGA curves of 2, 6, and 8 wt.% dextran-aldehyde composites.

The dry composites of varying dextran-aldehyde contents contain 68-76% iron oxide,
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with composites containing a higher aldehyde polymer content exhibiting a slightly lower
iron oxide fraction. Taking the gravimetric and TGA results together, the weight percent
of magnetic nanopatrticles in the water-swollen composites is approximately 5 wt.%. The
TGA results in Figure 2.2 also indicate that the iron is fully oxidized within the
composites; the mass loss between 600°C to 900°C, which corresponds to the
temperature range where oxygen dissociates from iron directly corresponds with the

amount of mass lost if the iron was fully oxidized for all samples.

SQUID measurements of the magnetization of the hydrazide-functionalized SPIONs are
shown in Figure 2.3. Magnetic analysis indicated that the pNIPAM hydrazide-coated
SPIONSs are highly superparamagnetic, with a total magnetic saturation of approximately
42 emul/g (comparable to similarly produced SPIONSs in the literature?®*®). When the
hydrazide-functionalized SPIONs are incorporated into the hydrogel, the total magnetic
saturation was reduced to 30 emu/g, but the material still exhibited low coercivity and
thus superparamagnetism. The pNIPAM hydrazide-coated SPIONs were shown to retain
the heat generation capacity of SPIONs when in the presence of an oscillating magnetic
field (OMF), where the heating rate depends on both the current (and therefore power)
supplied through the OMF and the SPION concentration (see Supporting Information,

Figure S2.3).
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Figure 2.3: Magnetization curves for the pNIPAM-hydrazide SPION precursor and an 8
wt.% dextran-aldehyde composite disk measured at 303K.

Rheological properties: In these composite systems, the SPION particles function as
both inorganic fillers as well as crosslinkers, suggesting that the incorporation of a small
amount of SPIONs may have a large impact on the mechanical properties of the overall
composite. The storage moduli for composites of varying dextran-aldehyde contents are

shown in Figure 2.4a, as measured using parallel plate rheometry.
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Figure 2.4: (a) Storage (G') moduli and (b) loss (G”) moduli of composites with varying
dextran-aldehyde content, and (c) the effect of adsorbing the pNIPAM precursor to the
surface of SPIONs on the storage moduli of the composite disks with 6 and 8 wt.%
dextran-aldehyde content. The concentration of the pNIPAM-hydrazide polymer used
was identical in the comparison, where it was adsorbed to SPIONs in one case and
dissolved in solution in the other.

67



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

The concentration of dextran-aldehyde has a dramatic effect on the mechanical
properties of the composites. At low dextran-aldehyde contents, the storage modulus of
the composite is low, corresponding to the low cross-linking density facilitated by the
small number of aldehyde groups available for cross-linking. As the dextran-aldehyde
concentration is increased (and thus the number of potential cross-linking pairs is
increased), significant enhancements in G’ are observed, with the 6 wt.% composite
showing a 50-fold increase in G’ compared to the 2 wt.% composite. However, as the
dextran-aldehyde concentration is further increased, the G’ of the composite decreases
significantly. This observation may be attributable to the greater viscosity of the highly
concentrated initial dextran-aldehyde solutions, inhibiting intimate mixing of the two
reactive components upon injection, and/or the presence of excess, non-cross-linked
dextran that served to plasticize the composites. The high ratio of aldehyde:hydrazide
functionalities of the composite disks with greater dextran aldehyde content (as shown in
Table 2.1) suggest that the presence of non-crosslinked dextran in higher dextran
concentration composites is indeed a possibility. The ~2.5:1 aldehyde to hydrazide ratio
of the 6 wt.% composites appears to strike an optimal balance in terms of crosslinking all
of the hydrazide functional groups of the pNIPAM-hydrazide-coated SPIONs to the
higher molecular weight dextran component while not leaving an excess of free,

uncrosslinked dextran.

The magnitude of G’ was much higher than G” in all cases (see Figure 2.4b and G’/G”
plots, Supporting Information Figure S2.4), indicating that all of the composites are
highly elastic. Indeed, the 6, 8 and 10 wt.% dextran-aldehyde composites in particular
behave on a macroscopic scale more like elastomers than typical hydrogels, with

storage moduli 12-20-fold higher than the corresponding hydrogel-only materials (Figure
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2.4c). Similar to the findings of Meid et al.*® for microgel incorporation in hydrogels, the
SPIONs here behave analogously to hard carbon black fillers used to improve the
mechanical stability of rubbers. This occurs at a greater extent in this case due to the
enhanced interactions between the SPIONs and hydrogel matrix. Highly elastic bulk
mechanical responses analogous to rubber “super balls” were observed, as composites
dropped from a defined height bounced back to nearly their original height (see
Supplementary Video). Compression testing confirmed the highly elastic nature of the
composites, with the measured elastic recoveries and compressive moduli shown in
Table 2.2.

Table 2.2: Compression properties of magnetic composites as a function of dextran-
aldehyde content; 2.5 mm compression, compression rate 1 mm/min (n = 4).

Dextran- Compressive Compressive Height recovered
aldehyde content strength modulus following deformation
(%) (kPa) (kPa) (%)
2 5.3£0.8 6112 47 £ 11
6 190+ 70 218 + 68 53+6
8 26+5 213 +43 98+6
10 235 148 + 16 945

The compressive strength of the composites are in general agreement with the parallel
plate rheometry results, with the 6 wt.% dextran-aldehyde composites clearly exhibiting
the highest mechanical strength. Interestingly, the 6 and 8 wt.% composites had the
same compressive moduli (p = 0.10) and the 10 wt.% composites exhibited only a
slightly lower compressive modulus than the 8 wt.% composites (p = 0.02) and a
comparable modulus to the 6 wt.% composites (p = 0.11); this result is likely attributable
to the higher solids content of these (unswollen) composites that has a significantly
higher impact on mechanical properties in compression as opposed to shear.
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Composites with higher aldehyde-dextran contents (8-10 wt.%) elastically rebound to re-
form their original shape over multiple compressive cycles (see Supporting Information
Table S2.1 for an example of a 10 wt.% dextran-aldehyde composite undergoing
multiple compressions), while composites with lower aldehyde-dextran contents (2-6
wt.%) remained significantly deformed after a single compression. This ability of a
composite material to quickly return to its original shape upon the application of a stress
is essential in potential applications in which the material would experience moderate

compressive or shear forces.

Swelling characteristics: The inclusion of the thermoresponsive polymer pNIPAM as
the surface coating imparts thermosensitive properties on the composite. The
thermosensitive swelling characteristics of the composite materials were analyzed by
comparing the mass of the gel directly after injection with the mass of the gel measured
at various incubation times at 37°C in 10 mM PBS solutions. As shown in Figure 2.5, the
6 and 8 wt.% dextran-aldehyde composites deswelled to roughly -10% and -20%
respectively of their original masses upon incubation at physiological pH and ionic
strength. This swelling was compared to that of hydrogels fabricated with the same
polymer concentration in the absence of SPIONs (3% pNIPAM hydrazide/6% dextran
aldehyde and 3.6% pNIPAM hydrazide/8% dextran aldehyde, as respectively formulated
based on the TGA findings). The hydrogels in the absence of SPIONs had deswelled to
95 * 2% and 86 + 4% of their initial weight for the 6 and 8wt.% composites respectively
after 24 hours at 37°C, which is comparable to the findings shown in Figure 2.5. This
relatively low degree of swelling compared to some other thermoresponsive systems®

can be attributed to the fact that here the non-responsive dextran-aldehyde polymer

70



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

content is more concentrated in the disk than the responsive pNIPAM-hydrazide

component.
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Figure 2.5: Swelling responses of the 6 and 8 wt.% dextran-aldehyde composites in 10
mM PBS solution at 37°C.

Where it was initially proposed that the strong interactions between the SPIONs and
polymer may physically inhibit the deswelling of these gels, it was found that directly
cross-linking SPIONSs into a hydrogel network produced composites that are significantly
stronger than similar hydrogels without significantly impacting the swelling capacity of

the surrounding hydrogel. This is similar to the findings of Tong et al.*

, in which the
entrapment of carbon nanotubes within a hydrogel network was shown to improve the
mechanical strength of hydrogels while maintaining the hydrogel's ability to swell (i.e.
mechanics can be tuned relatively independently of the degree of swelling as a function
of the gel environment). These properties are important for biomaterials in muscle and

tissue engineering, where materials with strong mechanical properties and well-defined

swelling capabilities are desired.
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Degradation: The hydrolytic lability of the hydrazone bond used to cross-link the
composite material (together with the hydrolytic lability of the aldehyde-functionalized
dextran®) facilitates the slow degradation of the composites over time. Figure 2.6a
shows the degradation of a composite prepared with 8 wt.% dextran-aldehyde in both 10
mM PBS as well as accelerated conditions using varying concentrations of hydrochloric
acid. Degradation was correlated with the residual mass of the macroscopic compaosites

as a function of time.
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Figure 2.6: Composite degradation at 37°C from 8 wt.% dextran-aldehyde composites
with (a) various concentrations of HCl and 10 mM PBS (pH 7.4) and (b) acid catalyzed
degradation of disks with and without the pNIPAM precursor adsorbed to the surface of
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SPIONs with 8 wt.% dextran-aldehyde. The concentration of the pNIPAM-hydrazide
polymer used was identical in the comparison, where it was adsorbed to SPIONs in one
case and dissolved in solution in the other.

The composites degrade over time in all conditions tested, with higher acid
concentrations degrading the material faster (consistent with an acid-catalyzed
degradation process known to apply to hydrazone bonds®'). Notably, the rates at which
these composites degrade is much slower than that of similar hydrogels without
SPIONSs, despite the fact that SPIONs are known to dissolve slowly in strong acids®?
disks of similar composition without SPIONs degrade roughly three times more rapidly
(see Figure 2.6b). This surprising increase in degradation time may be attributed to the
mechanical strength of the composites, potentially slowing hydrolytic degradation due to
the increased density of these materials, inhibiting the interaction of the hydrazide
crosslinks with water; in addition, the immobilization of the reactive group on a solid
nanoparticle introduces a heterogeneous aspect to the hydrolysis reaction which may
further retard the kinetics. Importantly, the degradation of the compaosites as a whole still
occurs at pH values at which the SPIONs are insoluble (10 mM PBS, 0.01 M HCI) such
that degradation occurs via hydrolysis of the hydrazone bond instead of SPION
dissolution. Notably, some of the initial composites (with 6 wt.% dextran-aldehyde
content) solubilized completely when stored in a 0.15M NacCl solution over a period of ~8
months, confirming that degradation does indeed occur at physiologically-relevant

conditions.

In vitro cytotoxicity: The in vitro cytotoxicity of the gel components (and thus the
degradation products) was screened using an MTT assay with 3T3 mouse fibroblasts,

the results of which are shown in Figure 2.7.
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Figure 2.7: Relative viability (to cell-only control) of 3T3 mouse fibroblast cells for
various concentrations of the composite precursors and potential degradation products.

All components of the composites exhibit no significant cytotoxicity over the full range of
tested concentrations; while pNIPAM-hydrazide showed the lowest relative viabilities,
these low viabilities (~80%) are generally considered to be associated with little to no
cytotoxicity™® and were evident at concentrations lower than the total polymer
concentration in the composite; however the maximum concentration tested (2 mg/mL)
is expected to be far in excess of the expected concentrations of free polymer that the
body would be exposed to at any point given the very rapid gelation process and the

slow degradation of the material.

The relative viability of 3T3 cells grown in the presence of 6 and 8 wt.% dextran-
aldehyde composites for 24 hours are also not significantly different from the cell-only
controls (0.85 + 0.11 for 6 wt.% dextran-aldehyde composites and 1.06 + 0.19 for 8 wt.%
dextran-aldehyde composites). This result indicates that the composites, as well as any

leachates from the composites, exhibit negligible cytotoxicity.
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In vivo studies: Acute (3 days) and chronic (5 weeks) histology following subcutaneous

injections of the 6 wt% dextran composite gel are shown in Figure 2.8.

Composite

Vessel formation Macrophages containing endocytosed
iron nanoparticles

Figure 2.8: Host response toward 8 wt.% dextran-aldehyde composite hydrogels
following subcutaneous injection after both a) acute and b) chronic time points. Inset c)

depicts monocyte differentiation into macrophages and subsequent uptake of iron
nanoparticles. The scale bars represent 0.5 mm in both a) and b) and 0.1 mm in c).

At the acute time point (Figure 2.8a), a significant inflammatory response is observed
(compared to the control shown in the Supporting Information, Figure S2.5), with both
monocytes and neutrophils present at the site of injection and particularly evident at the
biomaterial interface (~4900 mm? at the interface). This response is typical of
nanoparticle-impregnated materials in which a fraction of the nanopatrticles can leach out
over time.*” An adhesion that could only be separated by blunt dissection was also
observed between the material and the surrounding tissue. At the chronic time point
(Figure 2.8b), a moderate chronic inflammation was observed, with granulation tissue

and neovascularization observed both within and surrounding the gel. A significant
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number of macrophages (~2800 mm™ present within the bulk gel) are observed, which
appear to be clearing the material from the site of implantation due to a distinct brown
colour within their cytoplasm associated with SPION uptake. No foreign body giant cells
are present at the site of injection at this chronic time point, demonstrating that
macrophage sequestration appears to be the dominant method of gel/iron oxide
removal. This is a significantly more mild response than that observed with, for example,
membranes containing magnetic nanoparticles, which do promote fibrous capsule and
foreign body giant cell formation?*; this result suggests the advantage of using a highly
hydrated hydrogel as the bulk structure for magnetic composite materials from a
triggerable drug delivery perspective. However, macrophages appearing to be filled with
magnetic nanoparticles (not observed in the PBS-only injection control, Supporting
Information Figure S2.6) were still observed at the interface (Figure 2.8c), characteristic
of a slow-degrading material response in which nanoparticles are slowly released from
the degrading bulk gel over time. Evidence for neovascularization was also observed
both near the composite surface and within the composite following chronic exposure
(Figure 2.8b). The strong tissue adhesion also persisted at the chronic time point,
suggestive of the potential utility of this material as a tissue adhesive; we speculate that
the net excess of aldehyde groups at the tissue interface (from the continuous dextran-
aldehyde phase of the composite) may form linkages with amine groups in native tissues

to facilitate adhesion.

Pulsatile drug release: The high volumetric concentration of magnetic nanoparticles in
these injectable composites makes these materials of particular interest for externally-
mediated treatments in vivo, including hyperthermia, drug release, or combinations

thereof.”® In order to assess the potential of these materials for pulsatile drug delivery,
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the release of bupivacaine hydrochloride (a cationic local anesthetic) was measured
from an 8 wt.% dextran-aldehyde composite under the application of an external OMF,
as shown in Figure 2.9. The OMF was applied in 5-10 minute pulses, increasing the
temperature of the composites from 37°C to ~42°C to allow for OMF co-induced

therapeutic delivery and hyperthermia treatment.
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Figure 2.9: Pulsed external OMF-induced rate of release of bupivacaine with an 8 wt.%
dextran-aldehyde composite. The release rates directly after pulses are indicated by the
arrows, with pulses of 5 and 10 minutes in duration indicated by light grey and dark grey
arrows respectively. The dashed line estimates the baseline drug release in the absence
of pulses.

A significant increase in the rate of bupivacaine release from the composite was
observed immediately following each pulse of the external oscillating magnetic field, with
the release returning to the baseline, first-order release following the removal of the
magnetic field, as shown in Figure 2.9. These pulses can also be seen in the cumulative
release curve shown in Supporting Figure S2.7, with approximately 55% of bupivacaine
released in the first 6 hours consistent with the burst release effect associated with

hydrogel-based drug release systems. The short pulses allowed for a 163 + 24%
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increase in release relative to the baseline release rate over the full range of times
tested. Thus, pulsed “on-demand” increases in drug release can be achieved upon the

application of an OMF using these injectable magnetic composite materials.

The high magnetic particle content, high elasticity, and injectability of the magnetic
composite material described herein offers significant advantages over other
approaches reported in the literature. To date, several highly elastic hydrogel materials
have been developed, particularly for bone or cartilage tissue engineering applications.
Notably, Zhao et al.** fabricated hydrogels by complexing poly(e-caprolactone)-
poly(ethylene glycol)-poly(e-caprolactone) block copolymers with a-cyclodextrin before
crosslinking to form high mechanical strength hydrogels with storage moduli ranging
from 2-10 (10%) Pa, similar to what is shown in this work. When SPIONs were added
within this matrix, the material exhibited a lower G’ than the material described herein;
furthermore, this hydrogel is not injectable®, a key attribute for the potential clinical
translatability of these materials in either drug delivery or tissue engineering applications.
Previous examples of injectable, magnetic hydrogels in the literature relied on the self-
assembly of SPIONs via the sol-gel method, using fixed hydrophobic interactions to
drive physical gelation®>*, temperature-responsive polymers tethered to the SPION
surface to facilitate magnetically-triggerable gelation following heating®’, or pH-triggered
associations between SPION particles directly to drive gelation®®. In contrast, the
materials presented herein are covalently cross-linked, resulting in significantly more
elastic hydrogel materials (at least one order of magnitude higher G’ than the strongest

reported sol-gel systems®®’).

Furthermore, the degradation of the network can be
significantly better tuned using the hydrolyzable, hydrazone-cross-linked network

reported herein relative to the physically-gelled networks previously reported, which are
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either more subject to premature break-up via dissolution in vivo or cannot be degraded
without a (typically infeasible) internal change in temperature or pH. As such, to the best
of our knowledge, the magnetic nanocomposite material reported herein is the first
injectable hydrogel-based composite system that possesses such enhanced elastic

properties coupled with controllable degradation.

The demonstrated potential of this material to degrade via a chemical mechanism
(hydrolysis) also offers significant advantages. It should be emphasized that the
molecular weight of the NIPAM hydrazide polymer is maintained below the renal cutoff
(~40 kDa) using chain transfer polymerization, allowing for the potential clearance of this
product from the body. The dextran component can be degraded by the
reticuloendothelial system (RES) until it can be cleared renally®® or metabolized by
various dextranases throughout the body®. The biodistribution of SPIONs is highly
dependent on their surface properties. Typically SPIONs with diameters less than 100
nm and hydrophilic surfaces (such as those used herein) can avoid accumulation in the
RES* and are instead internalized by cells and degraded by the lower local pH in
lyposomes/endosomes as well as by intracellular Fe-chelating substances.* Therefore,
the degradation products of each part of the composite material could be cleared from
the body. The low demonstrated cytotoxicity of the gel components further suggests the
high biological tolerability of these materials. Additionally, there is only a mild biological
response to the composite itself as well as its degradation products over a chronic time
frame, with no fibrous capsule formed around the material and no presence of foreign
body giant cells observed. The neovascularization observed within the composite at the
chronic time period suggests that this material may be applicable for wound healing or

tissue engineering of stiffer tissues, facilitating the formation of new vessels and tissues
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as the material degrades. The in vivo studies also demonstrated that the material
strongly bonds the adjacent tissue, suggesting its potential application as a mechanically
strong but slowly degradable tissue adhesive. In this respect, the use of SPIONs as a
reinforcing phase, independent of the additional functionality SPIONs provide in terms of

magnetization and the potential for induction heating, has advantages over other

61,62 63-65

potential inorganic fillers (i.e. silica®®, carbon nanotubes*, hydroxyapatite , clays®®,

or other inorganic fillers) for the production of high-strength hydrogel materials.

Magnetically-stimulated drug delivery has significant potential for facilitating the pulsatile,
“‘on-demand” release of therapeutics using a non-invasive trigger. OMF pulses applied
to the composites resulted in a significantly increased rate of bupivacaine release
immediately following the pulse, suggesting the utility of these materials particularly for
pulsatile release of drugs whose minimal inhibitory concentration (MIC) lies between the
non-pulsed and pulsed release rates. Future work will aim to combine these highly
elastic scaffolds with thermoresponsive microgels that can mediate even higher

gradients of on-off drug release.

2.2.5 Conclusions
Injectable magnetic composite materials with high water contents but extremely high
elasticities have been fabricated by surface functionalizing SPIONs with hydrazide-
functionalized poly(N-isopropylacrylamide) and using these particles as crosslinkers for
aldehyde-functionalized dextran. The materials exhibit remarkably high G’ values for an
injectable hydrogel-based material (G’ > 60 kPa), and neither the composites as a whole

nor the individual components of the composite exhibit significant cytotoxicity in vitro or
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chronic inflammation in vivo. Coupled with the demonstrated externally-triggerable drug
delivery potential of these materials upon the application of an oscillating magnetic field,
these composite materials offer significant advantages over many current SPION-

containing materials for biomedical use.
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2.2.9 Supporting Information

105 = pNIPAM-hydrazide coated SPIONS 1
- pNIPAM-hydrazide coated SPIONs 2

95 |-

90

85 |

80 -

75

Mass (%)

70

65 -

60 |-

55 1 L I 1 1
o 200 400 600 800 1000

Temperature (°C)

Figure S2.1: TGA of pNIPAM-hydrazide coated SPIONSs.
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Figure S2.2: TEM of pNIPAM-hydrazide-coated SPIONSs.
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Figure S2.3: Heating characteristics of pNIPAM-hydrazide SPION solutions with varying
(a) applied currents though the OMF with 6 wt% pNIPAM-hydrazide SPIONs and (b)
pNIPAM-hydrazide SPION concentrations with an applied current of 15 A through the
OMF.
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Figure S2.4: Ratio between storage and loss moduli (G/G”) for composites of varying
dextran-aldehyde content.
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Table S2.2: Example of multiple compressive cycles at 2.5 mm/min followed by
measurement 1 minute after compression is halted for 8 wt.% dextran-aldehyde
composite disks.

Compression Cycle | Height (mm) | Diameter (mm)
Initial 6.36 7.66
1 6.2 7.74
2 6.3 7.63
3 6.22 7.62

Figure S2.5: Host response toward 10 mM PBS subcutaneous injections at the acute
time point (3 days). The site of subcutaneous injection is indicated by a black star.

Figure S2.6: Host response toward 10 mM PBS subcutaneous injections at the chronic
time point (5 weeks). The site of subcutaneous injection is indicated by a black star.
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Figure S2.7: Pulsed external OMF-induced cumulative release of bupivacaine with an 8
wt.% dextran-aldehyde composite. The release rates directly after pulses are indicated
by the arrows, with pulses of 5 and 10 minutes in duration indicated by light grey and
dark grey arrows respectively. The dashed line estimates the baseline drug release in
the absence of pulses.
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Chapter 3: Microgel- and SPION-embedded hydrogel nanocomposites

3.1 Preface

This publication stemmed from the surprisingly good AMF-mediated release experiment
from the previous superparamagnetic hydrogel project. The initial goal here was to try
and develop a material that could exhibit a better release ratio between the on- and off-
states of AMF application. The designed nanocomposite involved thermosensitive,
PNIPAM-based microgels and SPIONs entrapped within an injectable hydrogel matrix.
These microgel-SPION-hydrogel materials were used for two publications: a
communication on the mechanism of release from these materials, described here, and
a larger paper on the impact of various parameters on the AMF-mediated drug release,

described in Chapter 4.

Herein, the drug release mechanism from nanocomposites was determined to be that
when the AMF is applied, the SPIONs produce heat and transfer this heat to the
microgel components, which causes them to shrink (or deswell) and generate pore
space that encourages enhanced release from the materials. This process is completely
reversible such that when the AMF is removed, the material returns to its ambient
temperature and the microgels reswell and inhibit enhanced release. Pulsatile release
experiments found that the ratio in release rates between the on- and off-states of AMF
application were increased to a ~4:1 ratio, which is quite high for an injectable
nanocomposite hydrogel AMF application. Furthermore, we showed that the application
AMF pulses continued to result in an enhanced level of drug release for up to an

unprecedented 4 days with these materials.
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3.2 Enhanced pulsatile drug release from injectable magnetic hydrogels with
embedded thermosensitive microgels

Campbell, S., Maitland, D., and Hoare, T. ACS Macro Lett. 2015, 4(3), 312-316.

Reprinted with permission. Copyright 2015 American Chemical Society.

3.2.1 Abstract
Nanocomposite in situ-gelling hydrogels containing both superparamagnetic iron oxide
nanoparticles (SPIONs) and thermoresponsive microgels are demonstrated to facilitate
pulsatile, high-low release of a model drug (4 kDa fluorescein-labelled dextran). The
materials can be injected through a minimally-invasive route, facilitate a ~4-fold
enhancement of release when pulsed on relative to the off state, and, in contrast to
previous gel-based systems, can maintain pulsatile release properties over multiple
cycles and multiple days instead of only hours. Optimal pulsatile release is achieved
when the microgel transition temperature is engineered to lie just above the
(physiological) incubation temperature. Coupled with the demonstrated degradability of
the nanocomposites and the cytocompatibility of all hanocomposite components, we
anticipate these nanocomposites have potential to facilitate physiologically-relevant,

controlled pulsatile drug delivery.

Keywords: hydrogels, microgels, SPIONs, poly(N-isopropylacrylamide), pulsatile

release, magnetic release, controlled release.
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3.2.2 Triggered release from magnetic ‘plum pudding’ nanocomposites
Significant progress has been made in the development of “smart” polymer-based
biomaterials for the purpose of drug delivery, exploiting polymers that are responsive to
temperature,>? pH,>* light,>® electric fields,” or specific molecule concentrations (such as
glucose)®® to induce on-demand or environment-specific release kinetics.
Thermoresponsive hydrogels and microgels based on temperature-responsive poly(N-

10,11

isopropylacrylamide) (PNIPAM) that exhibit a volume phase transition temperature
(VPTT) upon heating'* have been used to fabricate several potential drug delivery
biomaterials with temperature-dependent release kinetics.™>™*’ Composite materials that
combine thermosensitive hydrogels with nanomaterials that generate heat in response to

specific external signals, such as carbon nanotubes (near-IR)*®*

, gold nanorods (near-
IR)*??, or superparamagnetic iron oxide nanoparticles (SPIONs, alternating magnetic
field)*?* have attracted particular interest since the inorganic actuating nanoparticles
can be used to non-invasively induce temperature-dependent swelling/deswelling
responses in vivo without the need for implanted electronics.’® The design of the

nanocomposite can regulate whether release occurs via bursts of drug on-demand® or

via an up-regulation of release kinetics over an extended period of time.?®
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We have previously reported an injectable, degradable in situ-gelling hydrogel
nanocomposite material in which SPIONs were covalently bound into the hydrogel
network structure, fabricated by reacting aldehyde-functionalized dextran with hydrazide-
functionalized PNIPAM-coated SPIONs*?°. The resulting hydrogel nanocomposite
exhibited surprising mechanical strength (up to ~60 kPa shear modulus) and, notably, an
ability to deliver pulsatile releases of drug upon the induction of an alternating magnetic
field (AMF).*® Relative to previous reports of materials or devices exhibiting pulsatile
release kinetics, the in situ-gelling hydrogel approach described offers significant
advantages in terms of representing an injectable, minimally-invasive method of creating
a bulk implant inside the body; the hydrogel portion of the material also helps to
minimize non-specific protein adsorption. However, the observed increase in drug
release upon AMF application was both too small relative to the baseline release in the
absence of the AMF and too short-lived (i.e. exhausted in less than one day) for practical

use as an on-demand drug delivery material.

Herein, we report on the use of an injectable, degradable hydrogel-thermoresponsive
microgel-SPION nanocomposite hydrogel that addresses these challenges. While
microgels themselves have been investigated for therapeutic delivery, they are typically
quickly sequestered by the lymphatic system.*** Encapsulating microgels in a hydrogel
both prevents this rapid sequestration and limits the burst release of drugs typically
observed from hydrogels to permit sustained release of even small molecule drugs over
several weeks.*® Furthermore, by using SPIONs as an actuator, thermosensitive
microgels can be driven to deswell via externally-mediated heating, generating free

volume in the hydrogel to enhance drug release.
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The in situ-gelling hydrogel matrix consists of thermosensitive hydrazide-functionalized
PNIPAM (PNIPAM-Hzd) cross-linked with aldehyde-functionalized dextran (Dex-Ald);
these materials form a hydrolytically-degradable hydrazone cross-linked network within
seconds following co-extrusion from a double-barrel syringe. Two types of SPIONs were
incorporated into these networks: (1) PNIPAM-Hzd functionalized SPIONs that
covalently cross-link directly to the hydrogel matrix and (2) polyethylene glycol (PEG)-
functionalized SPIONs that are physically entrapped within the hydrogel. The
thermoresponsive microgels were prepared by copolymerizing NIPAM with N-
isopropylmethacrylamide (NIPMAM) to obtain microgels that exhibit a 90% decrease in
volume when heated from 37°C to 43°C (i.e. from physiological temperature to the
maximum temperature before which local tissue damage is observed®, Figure S3.1).
These microgels are physically entrapped inside the hydrogel upon in situ gelation to
form microgel-filled macropores within the bulk gel. When an AMF is applied, the heat
generated by SPIONSs raises the local temperature of the microgels above their VPTT,
creating free volume within the composite that promotes increased drug diffusion
through the hydrogel (Figure 3.1). Upon removal of the AMF, the microgels re-swell, re-
filling the pores and decreasing the rate of drug release, facilitating high-low pulsatile
release behavior dependent on the time over which the AMF was applied. While this
mechanism has been demonstrated with bulk reservoir-based, non-degradable devices

2635 such behavior has not been demonstrated

that would require surgical implantation
with a matrix that can undergo gelation in situ upon injection from easily injectable, low-
viscosity precursor components and ultimately degrades into cytocompatible materials

that would have significant advantages from a practical utilization standpoint.
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Figure 3.1: Fabrication of nanocomposites and their proposed mechanism of externally
AMF-controlled enhanced drug release.

Composites were fabricated by mixing 10 mM PBS solutions of the reactive hydrogel
precursors (8 wt% for each polymer, loaded into separate barrels of the double-barrel
syringe) with 5 wt% SPIONSs (loaded in both barrels), 1 wt% of 4 kDa FITC-dextran (used
as the model therapeutic for tracking release, loaded in both barrels), and (if present) 8
wt% (by dry weight) microgels (loaded in both barrels) (Figure 3.1). Thermogravimetric
analysis confirmed that all final composites contained ~5 wt% SPIONs (Figure S3.2),
and SQUID analysis confirmed the nanocomposite hydrogels maintained
superparamagnetic properties (Figure S3.3). In addition, the nanocomposites are
confirmed to be degradable in accelerated hydrolysis conditions (~240 hour lifetime in
pH 1 buffer, Figure S3.4), a similar time frame to our previously reported PNIPAM-
SPION nanocomposites that degrade over ~8 months in in vitro physiological

conditions.*

To examine the potential of using an AMF to control release from these injectable
superparamagnetic nanocomposites, samples with 5 wt% PEG-SPIONs, 8 wt%

97



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

p(NIPAM-NIPMAM) microgels, and 1 wt% 4 kDa FITC-dextran were placed in our AMF
apparatus that maintains a baseline temperature of 37°C (Figure S3.5) and exposed to a
2 hour continuous AMF application, heating the nanocomposites to an equilibrium
temperature of ~43°C. Figure 3.2 shows the cumulative release of FITC-dextran from
composites prepared with both microgels and PEG-SPIONs, microgels but no PEG-

SPIONSs, and PEG-SPIONs but no microgels.
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Figure 3.2: Cumulative release of 4 kDa FITC-dextran over two hours of AMF exposure
from a nanocomposite with 5% PEG-SPION and 8% p(NIPAM-NIPMAM) microgel
content compared to control composites prepared without SPIONs and without microgel,
respectively.

Significantly more release was observed from the nanocomposite prepared with both
microgels and SPIONs than composites excluding either component (p < 0.05).
Hydrogel nanocomposites lacking SPIONs do not heat significantly in response to AMF
(i.e. there is no stimulus to drive microgels deswelling), while nanocomposites without
microgels do heat but have no mechanism by which to generate free volume upon
heating. Of note, Figure 3.2 indicates that the longer the AMF is left on, the more

differential release can be achieved, suggesting the potential for dosing of a drug as a
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function of pulse time. Qualitatively similar behavior is also shown for the release of
sodium fluorescein (Figure S3.6), showing that an AMF significantly enhances drug
release in dual nanoparticle-based nanocomposites for drugs of significantly different

molecular weights.

Pulsatile release experiments were then conducted in which the AMF was applied for a
10 minute period and then shut off; the temperature of the composites increases from
their baseline temperature of 37°C to ~43°C over this time. A typical release result is
shown in Figure S3.7. Significantly enhanced release of 4 kDa FITC-dextran was
observed immediately after each AMF application, followed by a rapid return to a
baseline release rate when AMF was shut off. While the total dose of drug decreased
over time as the concentration gradient of drug was reduced, multiple AMF applications
(n = 4-6) performed on days 1, 2, and 3 following composite fabrication confirm that
significant pulsatile release relative to the baseline can be achieved at each time point.
The AMF-induced percent increases in FITC-dextran release (relative to the non-pulsed
baseline release) for composites containing cross-linked PNIPAM-SPIONs and
entrapped PEG-SPIONs with and without microgels are shown in Figure 3.3a. The
corresponding swelling responses of the nanocomposites during the time frame of the

release experiment are shown in Figure 3.3b.
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Figure 3.3: (a) Increase in release rate of FITC-dextran in response to a magnetic pulse
and (b) swelling characteristics for nanocomposite hydrogels prepared with PNIPAM-
SPIONs and PEG-SPIONs. * = p < 0.05 in a pair-wise comparison.

Both composites with entrapped PEG-SPIONs and cross-linked PNIPAM-SPIONs
displayed AMF-mediated enhanced release over multiple days when microgels were
incorporated. The application of short AMF pulses (<10 min) resulted in a ~4-fold
increase in the release rate relative to the baseline after the first day, an enhancement
that is repeatable over multiple pulsing cycles. The percentage increase in FITC-dextran
release facilitated by the PEG-SPION and PNIPAM-SPION-based nanocomposites was
not significantly different (p > 0.05, Figure 3.3a), despite the storage modulus of
nanocomposites prepared with PNIPAM-SPIONs being significantly higher than that of

nanocomposites based on PEG-SPIONs (p < 0.05, Figure S3.8); this result suggests
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that it is the microgel phase rather than the properties of the bulk network that primarily
drives pulsatile drug release. This hypothesis is further supported by the observation
that both composite types prepared without microgels showed limited enhanced release
after the first day while microgel-impregnated nanocomposites continued to facilitate
pulsatile release over at least three days (Figure 3.3a), to the best of our knowledge

unique for any injectable hydrogel-based system.

The macroscopic hydrogel swelling responses (Figure 3.3b) can be used to rationalize
the differences in release behavior between nanocomposites with or without microgels.
Microgel-embedded composites tend to initially swell (attributable to the higher solids
fraction of the microgel relative to the bulk hydrogel phase that creates an enhanced
osmotic gradient) followed by a period of deswelling as the gel equilibrates at 37°C
(attributable to PNIPAM-Hzd collapse); in contrast, nanocomposites without microgels
deswell throughout the entire release period. As such, on day 1, bulk swelling would
promote higher baseline (non-AMF) FITC-dextran release from the microgel-containing
nanocomposites, resulting in similar observed percentage increases in FITC-dextran
release relative to nanocomposites prepared without microgel despite the higher
absolute values of drug release achieved on each pulse. After one day, the microgel-
containing composites have also deswelled, reducing their baseline release to the point
that the microgels (and the accompanying enhancement in nanocomposite free volume
upon AMF triggering) can significantly enhance the amount of FITC-dextran released
upon triggering. Nanocomposites lacking SPIONs exhibit a similar swelling response to
nanocomposites prepared with both SPIONs and microgels but show no discernable
increase in FITC-dextran release in response to AMF pulses, confirming that the AMF is

specifically driving pulsatile release in this system (Figure S3.9).
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To further elucidate the proposed microgel deswelling mechanism of AMF-regulated
enhanced release, further pulsatile release tests were performed using the PEG-SPION
composites pre-incubated at different baseline temperatures: room temperature (22°C),
physiological temperature (37°C), and the maximum temperature that magnetic
composites reach during AMF application (43°C) (Figure 3.4a). The corresponding

swelling results are shown in Figure 3.4b.
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Figure 3.4: (a) Percentage increases in FITC-dextran release (relative to the baseline
release in the absence of an AMF) and (b) relative swelling of the nanocomposites for
PEG-SPION nanocomposites incubated at different baseline temperatures. * = p < 0.05
in a pair-wise comparison.

Significantly enhanced FITC-dextran release was observed for composites incubated at
37°C relative to the other two test temperatures upon AMF triggering. Given that the
microgel experiences a 90% volume change from 37°C-43°C (Figure S3.1), heating via
AMF application will only drive a significant phase transition in the microgel phase at a
37°C baseline temperature; nanocomposites incubated at 22°C would not heat up

enough to drive microgel deswelling while nanocomposites incubated at 43°C would
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contain microgels that are already largely collapsed above their VPTT, resulting in a
high, “on”-state baseline release. Figure 3.4b again confirms that these release kinetics
results are attributable directly to microgel swelling and not bulk gel swelling, as the
22°C and 43°C baseline tests both exhibit similar, significantly lower pulsatile release
kinetics (Figure 3.4a) but highly divergent bulk swelling responses (Figure 3.4b). Note
that the relatively higher percentage increase in release observed for the 43°C baseline
test on day one is likely attributable to the large burst release observed for hydrogel

composites incubated at higher temperatures.

In conclusion, incorporating thermoresponsive microgels inside injectable, degradable
magnetic hydrogel composite materials significantly improves externally-regulated
enhanced release via an AMF. In important contrast to previous hydrogel
nanocomposites, these enhancements in release persist over several days instead of
just hours. AMF pulses can increase the release rate of the 4 kDa FITC-dextran model
drug used herein by a factor of four; based on our proposed release mechanism, a drug
with a higher molecular weight may experience even further enhanced externally-
modulated release. The increase in release is related to the relationship between the
baseline incubation temperature and the microgel VPTT; manipulation of both these
variables may be used to create pulsatile releasing hydrogel-based nanocomposites for
other, non-physiological applications. All of the components of these nanocomposites
also exhibit good cytocompatibility in vitro (Figure S3.10), suggesting that these
materials may be promising candidates as externally-controlled release platforms for a
variety of different drugs in applications that would benefit from repeated, pulsatile
release (e.g. chronic local pain management or insulin delivery for diabetes treatment,

among others).
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3.2.3 Experimental Section

Synthesis of Nanocomposite Components: NIPAM-Hzd was produced via
copolymerization of NIPAM and acrylic acid followed by EDC-mediated coupling of a
large excess of adipic acid dihydrazide®*. Dextran-Ald was prepared via sodium
periodate-mediated oxidation of dextran®®. Microgels were prepared by precipitation
polymerization of NIPAM (36.2 mol% monomer), N-isopropylmethacrylamide (58.0 mol%
monomer), and acrylamide (5.8 mol% monomer) using N,N-methylenebisacrylamide as
the cross-linker and ammonium persulfate as the initiator.®*®> SPIONs were prepared via
redox of iron(ll) chloride and iron(lll) chloride salt precursor solutions using ammonium
hydroxide as the base, followed by peptization of the surface with either PEG (8 kDa) or

PNIPAM-Hzd at 80°C. See Supporting Information for full protocols.

Composite Formation: Entrapped SPION hydrogel nanocomposites were fabricated by
first making 10 mM PBS solutions of the reactive hydrogel precursors (8 wt% PNIPAM-
Hzd in barrel 1, 8 wt% Dex-Ald in barrel 2) with 5 wt% PEG-SPIONSs, 1 wt% 4 kDa FITC-
dextran, and 8 wt% microgels (each added in both barrels). Final composites with 1
wt% 4 kDa FITC-dextran, 5 wt% PEG-SPIONs, and either 0 wt% or 8 wt% microgel were
produced by mixing the additives in both barrels of the double barrel syringes and
ejecting the reactive cross-linking materials into silicone moulds (Figure 3.1). The
hydrogel precursors gel in situ within 30s and the resulting nanocomposites take the
shape of the silicon mould that they are placed in. Cross-linked PNIPAM-SPION-based
nanocomposites were generated in a similar way but instead including 10 wt% PNIPAM-

SPIONSs in the hydrazide polymer-containing barrel only (to avoid premature cross-
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linking), leading to final gels with similar polymer contents and 5 wt% overall SPION

contents.* Control composites were made similarly but excluding one component.

Physical Characterization: SPION size and morphology was characterized by
transmission electron microscopy (JEOL Ltd., Japan, Figure S3.11). The magnetic
properties of both SPIONs and nanocomposites were determined using a
Superconducting Quantum Interface Device (SQUID, Quantum Design MPMS SQUID
Magnetometer). Storage and loss moduli of hanocomposites were measured using an
ARES parallel-plate rheometer at room temperature (1 mm sample height, 8 mm
diameter), using a frequency sweep from 0.1-100 rad/s at a constant strain within the
linear viscoelastic region of the nanocomposite (n = 6). Nanocomposite swelling was
measured by placing 6.3 mm diameter x 3.2 mm height samples in pre-weighed,
perforated cell culture inserts and incubating the samples in 5 mL of 10 mM PBS at 37°C
(n = 5). The composites were weighed immediately after gelation and then at pre-
determined time intervals, following the removal of non-bound (surface) water via gentle
wicking with a Kimwipe, to track percentage mass change over time. Nanocomposite
degradation assays were performed in a similar manner, but using samples 9.5 mm in
diameter x 6.3 mm in height and replacing the 10 mM PBS with a pH 1 buffer to

accelerate the rate of hydrolysis.

Drug Release Experiments: A magnetic drug release apparatus was assembled to
hold multiple (n = 4) composites in equivalent positions within the magnetic field while
maintaining a constant temperature of 37°C (Figure S3.5). A jacketed flask, heated to
37°C via a water bath for the base experiments or 22°C or 43°C for the varying

temperature experiments, was placed within a 2-coiled, 8 cm diameter solenoid operated
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at 200 kHz, 30 A, and 1.3 kW to facilitate the application of an AMF. For the constant
AMF experiments, nanocomposites (n = 4, 6.3 mm diameter x 3.2 mm height) were
immersed in test tubes with 4 mL of 10 mM PBS and placed in the AMF for two hours.
For pulsed AMF experiments, the same set-up was used but samples were collected at
10 minute intervals before and after 10 minute AMF pulsed applications, with separate
pulses applied every 40 minutes and 4-6 pulses applied during each day of testing. In
either case, at each sampling step, 3 x 200 yL samples were removed from each test
tube and 600 uL fresh, 37°C (or, for the varying incubation temperature experiments,
22°C or 43°C) 10 mM PBS was added. The concentration of released 4 kDa FITC-
dextran in each sample collected was then measured using a fluorescence plate reader
(Perkin Elmer Victor3 V multilabel plate reader, 485 nm excitation/535 nm emission
wavelength). The effect of the magnetic pulse on release was calculated as the percent
increase in release rate between the measured value and the baseline release rate,
which was determined based on a linear interpolation of the measured release rates at
the two time points immediately prior to and the two points immediately after the pulse.
Control gels (n = 4) were run concurrently with the pulsatile release tests using the same

protocol and sampling times but without exposing the samples to the AMF.

Error and Statistical Significance: All error bars represent standard deviations (n = 4).
Statistically significant differences between any pair of samples were determined using a

two-tailed t-test with p < 0.05 assuming unequal variances.
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3.2.6 Supporting Information

Detailed experimental protocols

Materials: Acrylamide (AAm; = 99%), acrylic acid (AA; 99%), ammonium hydroxide (28-
30% NH; content), ammonium persulfate (APS; 98%), dextran from Leuconstroc spp
(MW = 500,000), ethylene glycol (99.8%), fluorescein isothiocyanate-labelled dextran
(FITC-dextran, MW = 4 kDa), iron(ll) chloride tetrahydrate (98%), iron(lll) chloride
hexahydrate (97%), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC; commercial
grade), N-N’-methylene bisacrylamide (MBA; 99%), N-isopropylmethacrylamide
(NIPMAM; 97%), poly(ethylene glycol) (PEG; 8 kDa), sodium periodate (>99.8%), and
thioglycolic acid (= 98.1%) were all purchased from Sigma Aldrich (Oakville, Ontario).
2,2-azobisisobutyric acid dimethyl ester (AIBME; 98.5%) was purchased from Wako
Chemicals. Adipic acid dihydrazide (ADH; 98%) was purchased from Alfa Aesar (Ward
Hill, MA). N-isopropylacrylamide (NIPAM; 99%) was purchased from Thermo Fisher
Scientific (New Jersey, NJ). Deionized water (DIW) was purified using a Barnstead
Nanopure water purification system. 3T3 Mus musculus mouse fibroblast cells,
purchased from Cedarlane Laboratories Ltd. (Burlington, ON), were -cultured in
proliferation media containing Dulbecco’s Modified Eagle Medium-high glucose (DMEM),
fetal bovine serum (FBS), and penicillin streptomycin (PS), all received from Invitrogen
Canada (Burlington, ON). Trypsin-EDTA was acquired from Invitrogen Canada

(Burlington, ON).

Synthesis of NIPAM-Hzd: Synthesis of NIPAM-Hzd was based on methods described

by Patenaude and Hoare.** First, NIPAM-co-AA was prepared by dissolving purified

111



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

NIPAM (4.0 g, recrystallized with a 3:2 toluene-hexane mixture), acrylic acid (0.952 mL),
AIBME (0.056 g), and thioglycolic acid (87 pL) in 20 mL of ethanol. The polymerization
was continued overnight at 56°C under nitrogen. The ethanol was removed using a
rotary evaporator, and the viscous product was dissolved in 200 mL of DIW. The
resulting solution was dialyzed against DIW for six 6+ hour cycles and lyophilized.
Subsequently, NIPAM-co-AA (3.0 g) and a five times molar excess of adipic dihydrazide
(ADH, 7.25 g) were dissolved in 600 mL DIW. A 2.5 times molar excess of N’-ethyl-N-(3-
dimethylaminopropyl)-carbodiimide (EDC, 3.99 g) dissolved in 5 mL of DIW was quickly
added to the solution, and dropwise addition of 0.1 M hydrochloric acid was used to
maintain the pH at 4.75 for 4 hours, after which the pH was neutralized. The resulting
solution was dialyzed against DIW for six 6+ hour cycles and lyophilized. The degree of
hydrazide functionalization of the polymer after EDC/NHS reaction was determined by

potentiometric titration to be 8.3 £ 0.4 mol% (on a total monomer basis).

Synthesis of Dex-Ald: Dextran (500 kDa, 3.0 g) was dissolved in 300 mL of DIW.
Sodium periodate (1.6 g) was dissolved in 15 mL of DIW and added dropwise to the
polymer solution, after which the solution was left to stir for 2 hours. Ethylene glycol (0.8
mL) was then added to the solution to inhibit further oxidation of the dextran and the
resulting solution was stirred for an additional hour, dialyzed against DIW for six 6+ hour
cycles, and lyophilized. Potentiometric titration following silver oxidation (as described
by Patenaude et al.”®) indicated that 17.2% of dextran residues underwent oxidative

cleavage after periodate oxidation.
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Synthesis of Poly(NIPAM-NIPMAM) Microgel: Poly(NIPAM-NIPMAM) microgels were
produced using a method described by Hoare et al.** AAm (0.05 g), MBA (0.08 g), and
purified NIPAM (0.5g) and NIPMAM (0.9g) monomers were dissolved in 150 mL of DIW.
After purging with nitrogen and heating to 70°C, APS (0.10 g) dissolved in 5 mL of DIW
was added to the solution. The reaction proceeded overnight under nitrogen, after which
the resulting suspension was dialyzed and lyophilized. The temperature-responsive
behavior of the p(NIPAM-NIPMAM) microgels was determined by dynamic light
scattering using a Brookhaven 90Plus Particle Analyser, measuring particle size at 1°C

intervals.

Synthesis of PEG-SPIONs and PNIPAM-SPIONs: Surface-functionalized SPIONS
were produced using a method similar to that described by Campbell and Hoare.?®
Iron(lll) chloride hexahydrate (3.04 g) and iron(ll) chloride tetrahydrate (1.98 g) were
dissolved in a 2:1 molar ratio in 12.5 mL of DIW. Ammonium hydroxide (6.5 mL) was
added drop-wise under magnetic mixing at 500 rpm over 10 minutes. After an additional
10 minutes of mixing, PEG (MW= 8 kDa, 1.0 g) dissolved in 10 mL of DIW or PNIPAM-
Hzd (2.0 g) dissolved in 15mL of DIW was added to the iron mixture. The mixture was
heated to 80°C for 2 hours to peptize the SPION surface with PEG or PNIPAM-Hzd,
after which the ferrofluid was cooled, washed using magnetic separation against 10 mM
PBS, and concentrated using a permanent magnet over five magnetic
separation/purification cycles). The SPION concentration in the purified suspension was
determined gravimetrically and diluted to make 5 wt% SPION composites. Transmission

electron microscopy (JEOL Ltd., Japan) indicated the SPIONS had an average particle

size in the range of 15-25 nm (Figure S3.11).

113



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

In Vitro Cytocompatibility Assay: 3T3 Mus musculus mouse cells were used to assess
the cytocompatibility of all of the components of the nanocomposites. 20,000 3T3 cells
were cultured in each well of 24 well polystyrene plates with 1 mL of proliferation media
and incubated for 12 h. The cells were then exposed to various concentrations of
nanocomposite precursor materials (0.1, 0.4, 0.8, 1.2, 1.6, and 2.0 mg/mL) for 24 h. The
solution covering the cells was aspirated and 250 yL of a 0.4 mg/mL MTT solution was
then added to each well and the cells were incubated at 37°C for an additional 4 hours.
The MTT solution was aspirated after the incubation period, and 500 uL of DMSO was
added to each well to dissolve the insoluble formazan precipitate. 2 x 200 yL was
removed from each well, transferred to a 96 well polystyrene plate, and read in a Biorad
microplate reader (model 550) absorbance reader at 540 nm against a 749 nm baseline.
The percent cell viability was calculated relative to positive, cell-only control wells using

the equation:

Cell Viability (%)

)

(absorbancepolymer/SPION—exposed,540 nm -~ absorbancepdymer

SPION exposed,749 nm

(absorbancepositive control,540 nm — absorbancepositive control,749 nm)

For assays involving SPIONs, the SPIONs were separated from the formazan-DMSO
solution via centrifugation at 3000 rpm for 10 minutes prior to measuring the absorbance

of the solution.
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Figure S3.1: Volume phase transition behaviour of p(NIPAM-NIPMAM) microgels
measured using dynamic light scattering. While the microgels deswell significantly at
temperatures less than 37°C, there is a 90.0 + 4.2 % decrease in their volume from 37°C
(508 = 31 nm diameter) to 43°C (236 + 14 nm diameter).
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Figure S3.2: Thermogravimetric analysis of the base PEG-SPIONs and the hydrogel
nanocomposites prepared with 5% PEG SPIONs and 8% microgel content. (Dry weight
of the nanocomposites: ~40 wt% iron oxide; initial composites: ~86.8 = 0.5 wt% water
content.)
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Figure S3.3: SQUID magnetization curves for the PEG-SPIONs and PEG-SPION
hydrogel nanocomposites prepared with 8% microgel content, measured at 303K. The
results confirm the superparamagnetism of the SPIONs as well as the nanocomposite
hydrogels.
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Figure S3.4: Accelerated degradation profile of PEG-SPION hydrogel nanocomposites
with 8% microgel content incubated in a pH 1 buffer solution at 37°C, confirming that the
nanocomposites are not only injectable, but also degradable. Note that this result at pH
1 is nearly identical to previous results reported for cross-linked PNIPAM-SPION
hydrzggels that degraded fully in vitro at physiological pH over eight months (Campbell et
al.).
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Figure S3.5. (a) Schematic and (b) photograph of experimental setup for pulsatile
release experiments.

10 wt% drogel,
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Figure S3.6: AMF-induced release of sodium fluorescein from nanocomposites
prepared with 10 wt% hydrogel precursors, 5 wt% PEG-SPIONs, and 8 wt% microgel
content. The clear difference in fluorescence intensity in the solution following a short 5
minute pulse indicates these nanocomposites are capable of releasing drugs with
significantly different molecular weights in a pulsatile manner.
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Figure S3.7: Characteristic release curve with 10 minute AMF applications. The red
points represent the release rate calculated based on samples taken immediately after
the application of a 10 minute AMF pulse (indicated by the green areas), while the black
points represent release rates calculated after 10 minute periods without an AMF pulse.
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Figure S3.8: Elastic storage moduli of nanocomposites prepared using PNIPAM-
SPIONs and PEG- SPIONs with varying microgel contents.
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Figure S3.9: (a) Percentage increase in FITC-dextran release (relative to the baseline
release in the absence of an AMF) and (b) relative swelling of nanocomposites prepared
with or without PEG-SPION and microgel at 37°C * = p < 0.05 in a pair-wise comparison.
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Figure S3.10: Cell viability of 3T3 mouse fibroblast cells exposed to SPION and
microgel composite additives for 24 h. The dashed line represents the viability of control
cells not exposed to any nanocomposite component. All components of the

nanocomposite maintain high cell viabilities of

>80% even at extremely high

concentrations (2 mg/mL) for a contained in vitro assay.
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Figure S3.11: TEM images of (a) PNIPAM-coated and (b) PEG-coated SPIONs. The
observed clustering on the copper grids during preparation for TEM is typical of
hydrophilic nanoparticles. Sizes are consistently in the range of 15-25 nm for both types

of modified SPIONSs.
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Chapter 4: Improving external control over release from microgel and
SPION embedded hydrogel nanocomposites

4.1 Preface

This is the second part of the microgel-SPION-hydrogel nanocomposite material study.
This chapter intends to improve/further understanding of the factors involving enhanced
release from these nanocomposites. Various characteristics of the nanocomposites and
AMF application process, such as the microgel volume phase transition temperature
(VPTT), microgel content, hydrogel swelling characteristics, and the duration of the AMF
pulse, were altered to observe their effect on the ratio in release rate between having the
AMF in the on- versus off-state.  Briefly, increasing the microgel content, operating
around the VPTT of the microgels when heating/cooling via AMF, and minimizing the
swelling of the hydrogel scaffold were all shown to enhance the release rate as a result
of an applied AMF over the baseline release rate. Notably, the AMF pulse duration
(between 10 and 20 minutes) did not affect the release rate, which could mean that the
duration of application of the non-invasive AMF trigger could directly relate to the release

of a specific, controlled dose of drug.
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4.2 Controlling the resolution and duration of pulsatile release from injectable
magnetic ‘plum-pudding’ nanocomposite hydrogels

Maitland, D.,” Campbell, S.B.,” Chen, J., and Hoare, T. RSC Adv. 2016, 6, 15770-
15781.

" These authors contributed equally to this work

Reprinted with permission. Copyright 2016 The Royal Society of Chemistry.

4.2.1 Abstract

Manipulation of the relative swelling and volume fractions of the microgel and bulk
hydrogel phases of hanocomposite hydrogels containing superparamagnetic iron oxide
nanoparticles (SPIONs) is demonstrated to enable higher on-off state resolution and
enhanced total duration of pulsatile drug release potential when the nanocomposites are
activated by an alternating magnetic field. Adjusting the microgel chemistry to create
microgels that have less deswelling below 37°C and more proportional deswelling
between 37°C and 43°C, increasing the volume fraction of microgels in the
nanocomposite (while maintaining the mechanical stability of the nanocomposite), and
limiting the swelling capacity of the surrounding hydrogel were all found to improve the
degree of enhanced release that occurs after an externally-operated AMF pulse.
Collectively, these results serve both to optimize the function of these nanocomposite
materials for pulsatile drug delivery as well as confirm the proposed mechanism of
pulsatile release, by which free volume is generated within the nanocomposite at the
thermoresponsive microgel-bulk hydrogel interface upon internal heating of the device
via SPION-driven hysteresis heating of the nanocomposite in an alternating magnetic
field. Coupled with the injectability, degradability, mechanical stability, and
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cytocompatibility of these nanocomposites, we anticipate potential applications as
advanced ‘smart’ drug delivery technologies that can be operated via an external and

non-invasive trigger.

Keywords: Hydrogels, microgels, SPIONs, poly(N-isopropylacrylamide), pulsatile

release, magnetic release, controlled release.
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4.2.2 Introduction

In response to the understanding that spatial and temporal control over drug release has
numerous advantages over conventional drug release, several “smart” biomaterials that
respond to certain stimuli for therapeutic purposes have been developed in recent
years.'™ Such materials facilitate more effective treatment options for diseases in which
localizing the therapeutic agent at a particular site is critical (e.g. chemotherapy or
chronic pain management®?®) and/or pulsatile control of release is desired (e.g. insulin

delivery®*°

). However, many of these responsive systems typically provide only a single
pulse of drug release as the environment is changed, with limited potential for repeated
pulsing in vivo. In addition, such responsive vehicles are inherently limited in terms of

their adaptability to a variety of disease states in that they require differences in local

biological or physical environments to target or trigger.
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Instead, externally-actuated “on-demand” delivery vehicles that can be triggered by the
application of a stimulus outside the body offer an alternative and more flexible option for
pulsatile or on-demand drug delivery vehicle design. Such a device requires two major
components: a switching material that modulates drug diffusion by altering its pore size,
overall volume, or affinity for a target drug in response to a stimulus (e.g. temperature,™*”

17,18

13 pH,**® or solute concentrations’”*®) and a transducing material that receives an

external stimulus (e.g. ultrasound,™ near-IR irradiation,”® or alternating magnetic fields
(AMFs)?) and translates that stimulus into a signal to which the switching material can
respond to. Several such externally actuated systems have been developed for not only
drug release, but also for tissue engineering, imaging, and hyperthermia treatments,?**
with each device often having multiple applications. A remarkable example of such
technology is an implantable microchip device designed by Farra et al. that is able to
deliver wirelessly-controlled pulsatile dosages of anti-osteoporosis drugs in human

26-28

subjects.” However, these devices, and several similar systems, require surgical

implantation and would quickly develop a fibrous capsule in vivo due to the non-

biomimetic physiochemical characteristics of the materials comprising the devices.

As a result of these limitations, an emerging research focus in pulsatile release
composites involves the use of hydrogels, water-swollen cross-linked 3D networks of

hydrophilic polymers, as the scaffold material given that they are physically and often-

29,30

times chemically similar to soft tissues, exhibit low protein adsorption leading to

30,31

generally good biocompatibility, can be loaded with drugs into their highly porous

internal network,*** and can act as a stimuli-responsive switching material to stimuli

35-37

such as temperature, pH, or electric fields. Hydrogel nanocomposites have been

used to achieve temporal control over drug release with high/low release kinetics via a
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variety of external mechanisms, including near-IR,***° electric fields,**** and AMFs****,
However, few of these devices are functionally biodegradable or easily administered to a
patient without requiring surgery, often requiring two invasive procedures (one for
implantation and one for removal at the end of the device’s functional lifetime) for
practical use in the clinic.**** Exceptions to this general rule include the work of Ge et
al., who designed injectable nanocomposites composed of organic polypyrrole
nanoparticles within a sol-gel forming hydrogel that exhibited exceptional dosage control
over multiple days using electric fields,** and Wu et al., who fabricated an injectable
hydrogel containing both physical and covalent cross-links between graphene oxide and
peptides and used near-IR irradiation to break the physical cross-links to achieve
pulsatile release in vivo.*® However, the relatively low penetration distance of near-IR
irradiation, in comparison to AMFs, and the need to create external electronics
associated with these technologies require the hydrogel to be located closer to the skin

for effective triggering.

An injectable system that is capable of externally and non-invasively triggering on/off or
high/low dosing patterns of a therapeutic locally at a target site would significantly
improve the potential translatability of these types of release vehicles to the clinic. Such
a system would enable release kinetics to be tuned specifically to individual treatments,
allowing for the potential to improve drug safety, reduce the risk of systemic side effects,
and prolong the effective duration of action of a given drug delivery vehicle for better

patient compliance.*

Injectable, in situ-gelling hydrogels that form via rapid covalent cross-linking of polymers

45,46

functionalized with complementary reactive groups offer a potential option for
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creating such drug delivery vehicles. We have previously developed in situ gelling
hydrogel networks created via the reaction of hydrazide-functionalized poly(N-
isopropylacrylamide) (PNIPAM) and aldehyde-functionalized dextran to form

hydrolytically degradable hydrazone cross-links.*’

By incorporating superparamagnetic
iron oxide nanoparticles (SPIONs) directly into the network, exposure to an external
alternating magnetic field (AMF) resulted in heat generation inside the hydrogel network
via hysteresis heating of the SPIONs and (subsequently) a volume phase transition in
the thermosensitive PNIPAM-containing bulk hydrogel. When drugs were loaded into
these materials, they exhibited repeatable pulsatile release characteristics in response to
AMF application. Recently, we enhanced both the duration of this pulsatile release
potential as well as the resolution between the on- and off-states of drug release kinetics
by incorporating thermoresponsive PNIPAM-based microgels into these SPION-hydrogel
nanocomposite materials.*> Enhanced release is achieved by externally heating these
microgels above their volume phase transition temperature (VPTT), producing free
volume within the nanocomposite that allows for more facile diffusional transport of
therapeutic agents out of the gel (see Figure 4.1 for the proposed mechanism of release
enhancement using microgels). However, further improvements are required for the use
of these materials in a practical application, particularly in terms of extending the
duration over which pulsatile drug delivery is possible and increasing the gap between

release rates at the “off” (non-triggered) state and the “on” (triggered) states.
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Figure 4.1: Mechanism of externally AMF-controlled enhanced drug release.

In light of the proposed mechanism for release enhancement, our aim in this work is to
manipulate both the relative volume fractions as well as the relative volume changes (i.e.
swelling responses) of both the bulk and microgel phases to better exploit this release
mechanism for achieving prolonged and higher resolution pulsatile drug delivery. In
particular, we demonstrate that increasing the microgel volume fraction, optimizing the
phase transition temperature of the microgel to achieve the maximum possible volume
change upon relevant triggering temperature changes, and minimizing the swelling
response of the bulk gel can all improve the properties of these nanocomposite

hydrogels for pulsatile drug delivery applications.

4.2.3 Experimental
Materials: Adipic acid dihydrazide (ADH; 98%) was purchased from Alfa Aesar (Ward
Hill, MA). Dimethyl sulfoxide (DMSO) was purchased from Caledon Laboratory
Chemicals (Georgetown, ON). Acrylamide (AAm; = 99%), acrylic acid (AA; 99%),
ammonium hydroxide, ammonium persulfate (APS; 98%), dextran from Leuconostoc

spp. (MW =500,000), ethylene glycol (99.8%), fluorescein isothiocyanate-labelled
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dextran (FITC-Dex; MW= 4 kDa), iron (II) chloride tetrahydrate (98%), iron (lll) chloride
hexahydrate (97%), N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC; commercial
grade), N-N-methylene bisacrylamide (MBA; 99%), N-isopropylmethacrylamide
(NIPMAM; 97%), poly(ethylene glycol) (PEG; 8 kDa), sodium carboxymethyl cellulose
(CMC, MW = 700,000), sodium periodate (>99.8%), thiazolyl blue tetrazolium bromide
(MTT), and thioglycolic acid (= 98.1%), were all acquired from Sigma Aldrich (Oakville,
ON) and used without further purification.  2,2-azobisisobutyric acid dimethyl ester
(AIBME; 98.5%) was purchased from Wako Chemicals. N-isopropylacrylamide (NIPAM;
99%) was purchased from J&K Scientific. 3T3 Mus musculus mouse fibroblast cells
were obtained from Cedarlane Laboratories Ltd. (Burlington, ON) and were cultured in
media containing Dulbecco’s Modified Eagle Medium-high glucose (DMEM), fetal bovine
serum (FBS), and penicillin streptomycin (PS) acquired from Invitrogen Canada
(Burlington, ON).  Trypsin-EDTA was also purchased from Invitrogen Canada
(Burlington, ON). Deionized water (DIW) was purified using a Barnstead Nanopure

water purification system.

Hydrazide-Functionalized PNIPAM (PNIPAM-Hzd) Hydrogel Precursor:
Poly(NIPAM-co-AA) was synthesized using the method of Patenaude and Hoare.*
Briefly, 4.0 g of purified NIPAM (recrystallized using a 3:2 toluene-hexane mixture), 1.0 g
AA, 0.056 g AIBME, and thioglycolic acid (87 uL) were dissolved in 20 mL of ethanol,
purged with nitrogen, heated to 56°C, and polymerized overnight. A rotary evaporator
was used to remove the solvent, and the viscous product was dissolved in 200 mL of
DIW and dialyzed against DIW for six 6h cycles. Following, 3.0 g of NIPAM-co-AA and a
five-fold molar excess of ADH (7.25 g) were dissolved in 600 mL DIW. A 2.5 times molar

excess of EDC (3.99 g) dissolved in 5 mL of DIW was added to the solution and the pH
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was maintained at 4.75 manually via the addition of 0.1M HCI for 4 hours. The
hydrazide-functionalized product was dialyzed against DIW for six 6h cycles and
lyophilized. The degree of hydrazide functionalization was determined by potentiometric

titration to be 8.2 + 0.6 mol%.

Aldehyde Functionalization of Dextran/CMC (Dex-Ald, CMC-Ald) Hydrogel
Precursor:  Aldehyde-functionalized dextran (Dex-Ald) or aldehyde-functionalized
carboxymethyl cellulose (CMC-Ald) was synthesized according to the method of
Campbell et al.*” 3.0 g of 500 kDa dextran or 700 kDa CMC was dissolved in 300 mL of
DIW, following which 1.6 g of sodium periodate was dissolved in 15 mL of DIW, added
dropwise to the polymer solution, and left to stir for 2 hours. The oxidation process was
halted via the addition of 0.8 mL of ethylene glycol; after one hour of mixing, the product
was dialyzed against DIW for six 6h cycles and lyophilized. Silver ion titration*® indicated
that 17.4% of dextran and 12.4% of CMC residues underwent oxidative cleavage after

periodate oxidation.

Synthesis of Poly (NIPAM-NIPMAM) Microgels: Poly(NIPAM-NIPMAM) microgels
were produced using methods described by Hoare et al.** Acrylamide (0.05 g),
methylene bisacrylamide (0.08 g), and purified NIPAM and NIPMAM monomers (totaling
1.4 g) were dissolved in 150 mL of DIW, purged with nitrogen, and heated to 70°C.
Ammonium persulfate (0.10 g) dissolved in 5 mL of DIW was then added to the solution,
after which the reaction was allowed to proceed overnight. The microgels were then
dialyzed against DIW for six 6h cycles and lyophilized. Microgels with differing

NIPMAM:NIPAM ratios (and thus volume phase transition temperatures) were produced
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by varying the relative amounts of NIPAM and NIPMAM used to prepare the microgels

(Table 4.1).

Table 4.1: Microgel VPTTs (temperature at which different p(NIPAM-NIPMAM)
microgels’ effective diameters have decreased by 50% from their size at 26°C) and
diameter changes between 25°C, 37°C, and 43°C for each microgel tested, all measured
via dynamic light scattering.

% Change in Microgel
NIPMAM: NIPMAM NIPAM .
Test Microgel Volume
NIPAM Monomer  Monomer
Name . VPTT From 25°C  From 37°C
Ratio (9) (9) R o
to 37°C to 43°C
Mj g 18:1 0.9 0.5 38.6°C -80+7 -96+£6
M; 1:1 0.7 0.7 37.9°C -81+5 -82+£ 3"
Mo 56 0.56:1 0.5 0.9 36.2°C -96 + 8 -90+9
Mo.27 0.27:1 0.3 1.1 35.6°C -98+4 -715+£6

N This size difference is based on the size of M; at 40°C instead of 43°C because the
microgels aggregated before 43°C. The difference in size experienced by the microgels
in the composite (where aggregation would not occur) is likely higher than this reported
value.

The temperature-dependent size of the p(NIPAM-NIPMAM) microgels was determined
by dynamic light scattering using a Brookhaven 90Plus Particle Analyzer. Lyophilized
microgels were reconstituted in 0.15 M NacCl (saline) at a concentration of 1.5 mg/mL.
Reading times for each measurement were 2 minutes per sample, with 4 repeat
measurements taken at each temperature; the error bars represent the standard
deviation of these repeated measurements (n = 4). Particle sizes were measured at 1°C
intervals from 25°C to 50°C, allowing 5 minutes for temperature stabilization at each

temperature point.
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Synthesis of PEG-functionalized SPIONs: Iron (lIl) chloride hexahydrate (3.04 g) and
iron (I1) chloride tetrahydrate (1.98 g) were dissolved in a 2:1 molar ratio in 12.5 mL of
DIW. Ammonium hydroxide (6.5 mL) was added dropwise under magnetic mixing at 500
rpm over 10 minutes with a nitrogen purge. After an additional 10 minutes of mixing,
PEG (MW= 8 kDa, 1.0 g) was dissolved in 10 mL of DIW and the solution was added to
the iron mixture. The mixture was heated to 80°C for 2 hours to peptize the SPION
surface with PEG. After two hours, the SPION solution was cooled and washed using
magnetic separation against 0.15 M saline and concentrated using a permanent magnet
five times. The SPION concentration was determined gravimetrically, and the final
concentrations were diluted in 0.15 M saline to make 5 wt% SPION solutions, a
concentration that enables sufficient AMF-induced heating for activation without
disrupting cross-linking of the bulk hydrogel. From transmission electron microscopy
(JEOL Ltd., Japan) images analyzed using ImageJ software, the PEG-coated SPIONs
were determined to form clusters of between 30 and 200nm, with individual particle
diameters of 14 + 5 nm (n = 258, Figure S4.1). We have previously demonstrated that
SPIONSs are quantitatively incorporated into the nanocomposite hydrogels and maintain

their superparamagnetic properties.*®

Composite Formation: Hydrogel nanocomposites were prepared by dissolving the
reactive hydrogel precursors (6 or 8 wt%) in 0.15M saline solution along with 5 wt%
PEG-SPIONSs, 1 wt% 4 kDa FITC-Dex (the model drug used for this work), and varying
weight percentages of microgel. After mixing overnight, the viscous solutions were
pushed through a 22G needle three times to ensure complete mixing within each
individual solution. The hydrazide- and aldehyde-functionalized polymer solutions were

then loaded into separate barrels of a double barrel syringe (Figure 4.2) and co-extruded
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through a static mixer into pre-fabricated moulds to produce composites containing 1
wt% 4 kDa FITC-Dex, 5 wt% PEG-SPIONs, 6 or 8 wt% hydrogel, and varying weight
percentages and types of microgels. Gelation occurs rapidly (< 10s), which would allow
for these materials to form immediately after an in vivo injection and effectively fill the
free space of the tissue into which they are injected.*”*°

NIPAM-hydrazide

o o' | 20mMmPBS

é
RS )

4 kDa FITC- SPIONS
dextran \

Figure 4.2: Fabrication of microgel-hydrogel-SPION composites.

Composite Swelling: Composites (n = 5) were placed in pre-weighed, perforated cell
culture inserts and incubated in 5 mL of 10mM PBS at 37°C. The composites were
weighed immediately after gelation and then at pre-determined time intervals. At each
time interval, the mass of each composite plus insert was recorded. Percent mass
change (associated with the swelling of the hydrogel) was calculated based on Equation

1:

MasStime — MaSSinitial

Percent Weight Change = x100% (1)

Massinitial

Composite Degradation: Composites (n = 6) were placed in the same cell inserts used

for swelling tests with 5 mL of 10 mM PBS (pH=7.4) or pH= 3 or pH = 1 hydrochloric
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acid aqueous buffer solutions. Composite weight was recorded over time until the bulk

material had completely degraded.

Pulsed-Induction Drug Release Experiments: An alternating magnetic field assembly
was set up such that multiple composites (n = 4, 6.3 mm diameter x 3.2 mm height)
could be placed in equivalent positions within the magnetic field while maintaining a
constant baseline temperature of 37°C around the composites (see Supporting
Information, Figure S4.2). The apparatus consisted of a jacketed flask, heated to 37°C
using an attached water bath, placed within a 2-coiled, water-cooled, 8 cm diameter
solenoid operated at 200 kHz, 30 A, and 1.3 kW to facilitate the exposure of the
composites to AMF pulses of a given time interval. Styrofoam was placed in between
the jacketed flask and the water-cooled coils to keep it in place and insulate it from and
potential radiant heat from the coils. The continual water cooling was used to ensure the
coil temperatures would not impact the temperature of the samples throughout each
experiment. The composites were placed on specially-fabricated holders to keep them
at equivalent positions within the magnetic field. Note that we have previously
demonstrated no significant solution heating nor pulsatile release is observed in samples
prepared without SPIONS, suggesting negligible RF-induced heating in the absence of

the SPION transducers.*®

For drug release studies, each composite was immersed in 4 mL of 10 mM PBS.
Samples were collected at 10 minute intervals before and after repeated 10 minute AMF
pulsatile applications (applied every 50 minutes). Concurrent with the pulsatile release
tests, a set of control gels (n = 4) was kept in identical test tubes in a water bath at 37°C

and were sampled at the same time intervals (but never exposed to the AMF). 3 x 200
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ML samples were removed from each test-tube at each time point into 96-well plates.
600 uL of fresh, pre-heated PBS was added back into the test-tube to ensure the
composites remained fully immersed and to maintain infinite sink conditions during the
release process. This process was repeated on days one, two, three, and five to
evaluate the composites’ ability to facilitate repeated magnetically induced pulsatile
release. The composites were exposed to 4-6 pulses on each day. The concentration
of released 4 kDa FITC-Dex was measured using a fluorescence plate reader
(PerkinElmer Victor3 multilabel plate reader, 485 nm excitation/535 nm emission
wavelength) and converted to a mass release rate by dividing the calculated absolute
mass released in each interval (from fluorimetry) by the duration of that interval (either

10 or 20 minutes).

The effect of the magnetic pulse on release was determined according to the percentage
increase in release rate as a result of the AMF exposure, calculated based on comparing
the experimental release rate following a pulse to the expected release rate estimated by
interpolating between the rates observed at the two (hon-pulsed) time points prior to and
two time points after pulsatile induction (represented in the Supporting Information,
Figure S4.3). This use of a weighted average to calculate the expected release rate (R)

at a given time point (R,) is described in Equation 2:

R = Ry_z|thz —tal + Ru_q - |tn_1 — tpl + Rpyq  [tngr — tal + Rpgo " |tngs — tal 2)
" |tn—2_tn|+|tn—1_tn|+|tn+1_tn|+|tn+2_tn|

The percentage increase in the release rate directly after an applied pulse is then
calculated by simply dividing the experimental release rate by this calculated estimate of

the expected release rate (the likely release rate value had no AMF been applied),
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converting this ratio into a percentage, and subtracting 100% to result in a percent

increase in release.

This calculation was performed for both the pulsed and non-pulsed (control)
nanocomposites, with the percent increase in release rate values reported in the results
section representing the difference between the pulsed and control nanocomposite
results. The rationale behind this calculation is that any environmental factors (i.e. a
change in room temperature or a fluctuation of water bath temperature) that resulted in
‘pulse’ behaviour of the control composite at that time point would be filtered out,
isolating the effect of the AMF only on facilitating pulsatile release. Error bars represent

the standard deviation in the readings for independently-extruded composites (n = 4).

In Vitro Cytocompatibility Assay: 3T3 Mus musculus mouse fibroblast cells were
used to evaluate the cytocompatibility of the nanocomposites. The cells were grown
using a proliferation media composed of 10% FBS and 1% PS in DMEM. The materials
used to fabricate the nanocomposites were sterilized prior to cell viability testing by
exposure to UV radiation (2 hours) inside a laminar flow cabinet and filtering with 0.45
pm syringe filters. 25,000 3T3 cells in 1 mL of media were added to each well of a 24
well polystyrene plate (n = 4 for each sample tested). After the cells were incubated at
37°C and 5% CO, for 24 hours, the media was aspirated, 1 mL of fresh media was
added, and nanocomposites the same size as the well were added on top of the cells
and incubated for an additional 24 hours. A positive control containing cells and no
nanocomposites and a negative control containing no cells and no nanocomposites were
also tested. After 24 hours of exposure, the solution covering the cells was aspirated

and each well was rinsed with 0.5 mL of media. 150 pL of a 0.4 mg/mL MTT solution
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was then added to each well, and the cells were incubated in the MTT solution for 4
hours. After the incubation period, 250 uL of DMSO was added to each well to dissolve
the insoluble formazan precipitate. Plates were placed on a shaker for 20 minutes or
until the purple formazan was completely dissolved. 2 x 200 uL was removed from each
well, transferred to a 96 well polystyrene plate, and read in an absorbance reader at 540
nm (PerkinElmer Victor3 multilabel plate reader). The percent cell viability was
calculated as the ratio of the average absorbance values of cells exposed to the
nanocomposite and the average absorbance values of cells incubated only in media
(positive control). Error bars represent the standard deviation of the four replicate

measurements.

Mechanical Characterization: An ARES parallel-plate rheometer (TA Instruments) was
used to determine the shear storage and loss moduli (G’ and G”, respectively) of the
nanocomposites using a parallel plate geometry (7 mm in diameter, 1 mm gap). A strain
sweep test was first used to determine a strain value that lies within the viscoelastic
region, followed by a frequency sweep test (0.1-100 rad/s, 25°C) at the chosen strain

rate.

Error and Statistical Significance: Error bars represent the standard deviation in
measurements based on multiple samples (n = 4). Statistically significant differences
between any pair of samples were determined using a two-tailed t-test with p < 0.05

assuming unequal variances.
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4.2.4 Results
Microgel temperature-responsiveness: The microgels generated via precipitation
polymerization were sized at 25°C (their gelation temperature), 37°C (physiological
temperature), and 43°C (the maximum temperature targeted using AMF to avoid local
tissue damage during short-term exposure).”® The thermosensitivity of each type of
microgel between these critical temperatures is shown in Table 4.1, and the overall

temperature-responsive nature of the different microgels is shown in Figure 4.3.
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Figure 4.3: Temperature-responsive behaviour of microgels made with different
NIPMAM:NIPAM ratios. Arrows indicate aggregation points of Mg ,7 and M; microgels.

While incorporation of the more hydrophilic NIPMAM comonomer results in a phase
transition over a much broader temperature range than observed for PNIPAM microgels,
suggesting that these materials may possess rather heterogeneous crosslinks,
increasing the NIPMAM content increases the VPTT of the microgel within the triggering
temperature range (37-43°C) for the compositions studied. Of particular note, the My g
microgel (containing the most NIPMAM comonomer) collapses the least between 25-

37°C but exhibits the largest volume change between 37-43°C, a property which
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(assuming the free volume mechanism of release to be correct) would suggest this
microgel has particular utility for regulating pulsatile release (i.e. minimum free volume
generation <37°C, maximum free volume change in triggering range). However, all
microgels tested do exhibit significant deswelling in the triggering range and should thus
have capacity to regulate on-demand release. Note that the aggregation observed in
free solution for Mg,; and M; would not likely be observed in the nanocomposite
hydrogels given that microgels are dispersed throughout and entrapped within the
hydrogel network, eliminating or sharply reducing the microgel mobility required for

aggregation to occur.

Composite Rheology: The mechanical properties of nanocomposites prepared with
different microgel contents were next measured to assess the range over which the
microgel:hydrogel ratio could be varied without compromising the mechanical integrity of
the hydrogel. As shown in Figure 4.4a, the plateau storage modulus of the
nanocomposites increases until it reaches a critical microgel content of ~12 wit%
(corresponding to 8.4 vol% microgel phase). This result can be ascribed to the
competition of multiple factors governing nanocomposite mechanics related to the role of
microgels in the structure. Microgels are more highly cross-linked in comparison to the
external hydrogel, imparting higher mechanical strength to nanocomposites with greater
amounts of microgel; however, above a certain microgel content (12 wt% microgel), the
microgel sterically inhibits cross-linking in the bulk hydrogel phase, leading to a reduction
in modulus at higher microgel contents and, eventually, the complete lack of gelation
observed at concentrations >16 wt%. It should also be noted that as microgel content is
increased, the storage modulus of the nanocomposite becomes more frequency

dependent, an effect we attribute to the higher potential for viscous dissipation upon
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shearing when more phase boundaries are introduced in the nanocomposite between
the (softer) bulk hydrogel and the (harder) microgel phases. Note that while Mg ss was
used as the microgel in Figure 4.4, there is no significant difference in nanocomposite
mechanics as a function of microgel composition (Supporting Information Figure S4.4),

such that analogous results can be anticipated for each microgel tested.
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Figure 4.4: Storage modulus of magnetic nanocompaosites with differing: (a) microgel
(Mo s6) contents with 8 wt% hydrogel precursors, and (b) amounts of CMC-AIld replacing
the Dex-Ald component in composites with 6 wt% M; g microgels and 6 wt% hydrogel
precursors.

Figure 4.4b shows that as more CMC-AId is used to replace Dex-Ald in the magnetic
nanocomposites, the storage modulus of the gel decreases. This can be attributed to
the DEX-AId having a greater aldehyde content (17.4% of repeat units) than the CMC-
Ald polymer (12.4% of repeat units), allowing for a greater cross-link density and
improved mechanical strength. Thus, the lower cross-link density coupled with the

higher hydrophilicity (and limited residual charge) of CMC-rich hydrogels is expected to
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lead to significantly more swelling in these hydrogels than the dextran-rich hydrogels,

which are more densely cross-linked and do not contain any residual charge.

Degradability: The hydrazone cross-links forming the bulk hydrogel are hydrolytically
degradable. The degradability of the hydrogels was observed at various pHs to confirm
that the composites with differing microgel (Mosg) contents do degrade hydrolytically
(Table 4.2).

Table 4.2: Half-lives of composites with different microgel (Myss) compositions at pH=
7.4, 3, and 1. * indicates statistical significance between composites with different

microgel contents at a given pH via pair-wise comparisons with all other microgels at the
same pH (p < 0.05).

pH=7.4 (PBS) pH=3 pH=1
0 wt% Mg 56 24 £ 9 days 9 * 2 days* 5.0 £0.9 hrs
4 wt% Mg s6 21 +5days 19+2days* 5.6 £1.5hrs
8 Wt% Mg s6 100 £ 10 days* 30+5days* 9.8 £0.5hrs*
12 wt % Moss | 23 £ 4 days 4 + 2 days* 4.1+1.3hrs

Table 4.2 confirms that the nanocomposites degrade via an acid-catalyzed process, as
lower pH buffers accelerated the degradation process for every nhanocomposite tested.
As the microgel content was increased, the nanocomposites generally take longer to
degrade. We hypothesize this trend is a result of the increased content of the higher
polymer fraction microgels limiting the diffusion of water through the nanocomposite.
However, the 12 wt% microgel composites degraded much more rapidly than the 8 wt%
nanocomposites. We attribute this result likely to the presence of the microgels
significantly limiting the number of cross-links that can form upon in situ-gelation
(resulting in fewer hydrolytic events being more effective at functionally degrading the
bulk gel network). Of note, the 12 wt% microgel nanocomposites were observed to be
the strongest from a mechanical perspective (Figure 4.4) but degrade significantly faster
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than the 8 wt% microgel nanocomposites (Table 4.2). This result suggests that the 12
wt% microgel concentration is high enough to disrupt the formation of cross-links
(sufficient to significantly influence the degradation time) but not high enough to negate
the positive effects of adding additional microgel on the storage modulus of the

composite as a whole.

As we observed for nanocomposite mechanics, properties that are highly dependent on
the properties of the external hydrogel, as degradation is, are negligibly affected by
microgel composition. However, replacing the Dex-Ald component certainly influences
the degradation rate of the magnetic composites, as shown in the accelerated

degradation study in Figure 4.5.
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Figure 4.5: Accelerated degradation of the hydrolyzable magnetic nanocomposites with
6 wt% hydrogel precursors and 6 wt% microgel incubated in 1M HCI at 37°C.

As Dex-Ald is replaced by the CMC-AId, the composites degrade more rapidly. This
result concurs with the CMC-Ald/Dex-Ald mechanics result, in which CMC-rich gels were

shown to exhibit lower elastic moduli (Figure 4.4) and likely have fewer cross-links to
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undergo hydrolysis. A lower crosslink density also leads to higher swelling and thus

higher water (and proton) penetration into the hydrogel to further accelerate hydrolysis.

Externally-Mediated Pulsatile Release: Nanocomposites with varying microgel
contents, microgel compositions, and bulk gel compositions were evaluated in terms of
their capacity to facilitate longer-term and higher-resolution pulsatile release. For each
comparative set evaluated, 10 minute AMF pulses were applied such that 1) the therapy
is relatively short and thus amenable to possible translation and 2) the nanocomposites
would only increase in temperature up to 43°C, a temperature that is not harmful to the
surrounding cell population on repeated, short-term exposures, as healthy mammalian
cells are known to develop thermotolerance.?** Samples were taken every 10 minutes,
with 10 minute AMF pulses conducted every 50 minutes. The release rate after an AMF
pulse typically increases significantly immediately following the pulse and then rapidly
returns to the baseline rate of release the sample point immediately after the pulse is
turned off (for a representative kinetics plot, see Supporting Information, Figure S4.5),
enabling facile and unambiguous determination of the increase in release rate relative to
the baseline release upon AMF signaling. This percentage increase in release was
averaged throughout 3-4 applied pulses on each given day for each given composite to
yield the reported results (for a representative result of release rate data over multiple
days, see Supporting Information, Figure S4.6). Hydrogel swelling results collected
under the same conditions are simultaneously reported to enable correlation between

pulsatile release and bulk swelling properties of the nanocomposites.

Effect of Microgel Composition: Figure 4.6a shows the effect of changing the

microgel composition (and thus the microgel volume phase transition temperature) on
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the magnitude and duration of pulsatile FITC-dextran release observed, while Figure
4.6b shows the net swelling/deswelling of each of those nanocomposites as a function of
time. Table S4.1 shows the magnitude of drug release measured at each time point for

comparison.

L
a) 2uu—-M::: = = b) 10

Emv, BNV, EEv BV,

032 5

Relative Average Weight (%)

Percent Increase in 4kDa FITC-dextran
Release at Pulse Time Point

25 |

50 L L L L 30

Time (days) Time (days)

Figure 4.6: Effect of microgel phase transition temperature properties of nanocomposite
hydrogels: (a) Percent increase in 4 kDa FITC-Dex release rate observed from
composites made with microgels exhibiting different phase transition temperatures due
to a 10 minute exposure to an alternating magnetic field; (b) weight changes associated
with swelling responses of the bulk nanocomposites over the 5-day period of the release
test. *indicates statistical significance, determined using a student’s t-test assuming
unequal variances (p < 0.05).

No significant difference in drug release rate was observed between nanocomposites
prepared with different microgels on the first day of release (p > 0.05 for any pair-wise
comparison). We attribute this effect to the significant background diffusional-based
release that occurs from the nanocomposites on day one, in which drug loaded into the
bulk hydrogel phase is convectively released from the (thermoresponsive) bulk hydrogel

phase upon AMF triggering in a manner relatively independent of the microgel phase by
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the collapse of the bulk hydrogel (demonstrated in Figure 4.6b). However, a clear
pattern does emerge after the first day, with significantly higher degrees of enhanced
release achieved as the proportion of NIPMAM in the microgels (and thus the microgel
VPTT) is increased. This result is attributed to the majority of the microgel deswelling of
these NIPMAM-rich microgels occurring at higher temperatures compared to the other
microgels (Table 4.1), leading to the creation of more free volume upon triggering and
thus enhanced pulsatile release. Figure 4.6a also indicates that higher transition
temperature microgels can also prolong the lifetime of the device in terms of providing
the potential for pulsatile release; pulsed releases on the same order of relative
magnitude are achieved on day 5 using the M;g microgel composites, while the lower
transition temperature composites lose their capacity for pulsatile release by this time.
Notably, these results are also independent of swelling, as Figure 4.6b indicates that the
differences in swelling between any composite on any day is statistically insignificant (p
> 0.05 for any pair-wise comparison). Collectively, these results show that increasing
the phase transition temperature of the microgel (within the triggering temperature
range) leads to both prolonged release as well as higher resolution between the on/off

states of the drug release due to an AMF pulse (Table S4.1).

Effect of Microgel Content: Given the importance of the microgel phase for regulating
the nature of the pulsatile release, the relative volume fractions of the microgel and bulk
hydrogel phases in the nanocomposites were next adjusted to investigate the potential
for further enhancing pulsatile release. Figure 4.7a shows the pulsatile release achieved
as a function of microgel content, using M; g microgels as the microgel phase due to the
improved pulsatile release performance observed for this microgel over the other

microgels (Figure 4.6a). Concurrent swelling properties of the bulk nanocomposite as a
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whole tracked throughout the release experiment are shown in Figure 4.7b. Table S4.2
shows the overall volume fractions of microgel in the resulting nanocomposites as well
as the estimated changes in microgel volume fraction observed upon triggering, as
calculated based on the DLS data (Table 4.1) and the initial volume fraction of microgels

present under the room temperature preparation conditions.
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Figure 4.7: Effect of microgel (Mg) content on properties of nanocomposite hydrogels:
(a) Percent increase in 4 kDa FITC-Dex release rate observed from composites made
with different microgel contents due to a 10 minute exposure to an alternating magnetic
field; (b) weight changes associated with swelling responses of the bulk hanocomposites
over the 5-day period of the release test. The volume percentages of the microgels that
correspond to each microgel content from 0-10 wt% are 0 vol%, 2.8 vol%, 4.2 vol%, 5.6
vol%, and 7.0 vol%, respectively (Table S4.2). *indicates statistical significance,
determined using a student’s t-test assuming unequal variances (p < 0.05).

Figure 4.7a shows that, again, the impact of the degree of AMF-enhanced release is not
dependent on nanocomposite composition during the first day of release. This result
was somewhat surprising, in that changing the total volume fraction of the higher

polymer mass fraction microgel phase was expected to significantly reduce even the
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baseline diffusion rate of drug release from the nanocomposites. However, this result
can be rationalized based on the swelling results (Figure 4.7b), which show that
nanocomposites prepared with higher microgel contents remained swollen on day 1
while nanocomposites with lower microgel contents deswelled significantly. This
observed deswelling will decrease the pore size of the composites with lower microgel
contents such that their rate of diffusional release is reduced, compensating for the

higher concentration of denser microgels present.

However, after day 1, all the nanocomposites macroscopically deswell (Figure 4.7b,
negating the competing convection effects observed on day 1), and nanocomposites
with higher microgel contents are observed to facilitate greater degrees of enhanced
release of FITC-dextran over longer time scales. These differences in enhanced drug
release can be attributed to the enhanced free volume fraction of the nanocomposites
generated upon AMF heating from 37°C to 43°C as the microgel fraction in the
nanocomposite is increased, leading to both enhanced resolution between the on/off
states (Figure 4.7a) and enhanced drug doses delivered in each pulse; for example
nanocomposites containing 10 wt% microgel demonstrate up to 4-fold higher rates of
release due to a pulse in comparison to the baseline release. This enhanced release
rate is directly correlated with the magnitude of free volume changes in the microgel
phase upon triggering (Table S4.2), supporting our proposed mechanism of externally-
mediated release. Note that by day 5, the effect of microgel content is suppressed, an
effect we attribute to the higher release of drug in the 10 wt% M, g nanocomposite over
the first four days (Table S4.3) that reduces the reservoir concentration of drug inside
the nanocomposite and thus makes any pulse less effective at promoting additional drug

release.
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Effect of Bulk Hydrogel Swelling: While the data suggests that volume changes in the
microgel phase can create free volume, concurrent changes in the swelling of the bulk
gel phase may counteract this effect, either by the bulk gel swelling to fill the newly
vacated space or the bulk gel deswelling and thus effectively collapsing around the
created free volume. As such, the effect of bulk hydrogel swelling on the release
characteristics of the nanocomposites was also investigated. Changes in bulk gel
swelling responses were achieved by combining PNIPAM-Hzd polymer with a mixture of
Dex-Ald (which alone induces the entire nanocomposite to deswell at 37°C) and CMC-
Ald (which alone induces significant swelling in the nanocomposite at 37°C), as per
previously reported work.* Mixtures of these two aldehyde-functionalized hydrogel
precursors can lead to bulk gels with intermediate swelling responses largely predicted
by the simple rule of mixtures. Each nanocomposite in this series contained 6 wt% M g
microgels and 6 wt% of both PNIPAM-Hzd and total carbohydrate-aldehyde precursor
polymer, with the aldehyde polymer fraction distributed according to the ratio x CMC
(where x is the mass percentage of CMC-Ald in the aldehyde polymer barrel, the
remainder being Dex-Ald). The pulsatile release properties (Figure 4.8a) and bulk
nanocomposite swelling characteristics (Figure 4.8b) of the nanocomposite hydrogels as

a function of CMC-Ald:Dex-Ald ratio in the bulk hydrogel are shown in Figure 4.8.
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Figure 4.8: Effect of bulk gel swelling on nanocomposite properties with 6 wt% M, g
microgel contents: (a) Percent increase in 4kDa FITC-Dex release rate observed from
composites due to exposure to an alternating magnetic field (10 minute pulses); (b)
weight changes associated with swelling responses of the bulk nanocomposites over the
5-day period of the release test. *indicates statistical significance, determined using a
student’s t-test assuming unequal variances (p < 0.05).

Figure 4.8b shows that the bulk hydrogel swelling characteristics are highly dependent
on the ratio of CMC-Ald:Dex-Ald used as the aldehyde-functionalized component; the
greater the percentage of CMC-Ald, the more the nanocomposites swell. These swelling

differences, consistent with the higher hydrophilicity and lower cross-link density in CMC-
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rich gels indicated by rheology (Figure 4.4b), persist throughout the entire five day
testing period. The impacts of these swelling responses on the AMF-based release
profiles depend on the timescale of the release process. At all times, bulk gels that
significantly swell (100% CMC and 75% CMC) facilitate the lowest pulsing, an effect we
attribute to the rapid diffusion-based release from these materials and, at longer times,
exhaustion of the drug reservoir in the hydrogel which leads to minimal release in the
presence or absence of a magnetic field (Table S4.4). At short times (1-2 days),
nanocomposites containing high Dex-Ald contents exhibit significantly higher resolution
pulsatile release (Figure 4.8a); concurrently, both these nanocomposites exhibit no
significant bulk swelling responses over these two days (Figure 4.8b). At longer times
(3-5 days), the 25% CMC and 50% CMC nanocomposites demonstrate the highest
pulsatile release properties (Figure 4.8a); again, this is directly correlated with the
swelling result, in that these two nanocomposites exhibit the smallest swelling responses
over these two days relative to the baseline (Figure 4.8b). Thus, the lower the swelling
response of the bulk hydrogel phase (either positive or negative) from the baseline
preparation condition, the higher the pulsatile release achieved upon AMF application.
This result again supports the free volume mechanism of pulsatile release in that
hydrogels that swell or deswell will effectively consume the free volume created by the
microgel deswelling observed under the AMF, resulting in lower net free volume

generation and thus reduced pulsatile release potential.

Effect of Pulse Duration: Our previous work* concurred with that of Satarkar and
Hilt>! in that longer AMF exposures promote greater enhancements in release over
controls in continuous release experiments. Reproducing this result in the context of a

pulsatile release experiment would thus provide another mechanism to easily tune the
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degree of release of drug from any given nanocomposite formulation. Consequently, we
performed an analogous pulsatile release experiment using 20 minute (instead of 10
minute) pulses and sampling intervals for Dex-Ald composites with 8 wt% hydrogel
precursors and 8 wt% M; g microgel content, the results of which are shown in Figure

4.9.
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Figure 4.9: Effect of pulse duration on the AMF-induced release rate from magnetic
composites with 8 wt% hydrogel precursors and 8 wt% M; g microgel content. *indicates
statistical significance, determined using a student’s t-test assuming unequal variances
(p < 0.05).

There was no significant difference in the relative amounts of drug released per
sampling period before or after the pulse as a result of increasing the pulse duration
from 10 minutes to 20 minutes over the first two days of release (p > 0.05). The only
significantly higher release rate facilitated by the shorter pulses was at day 3 (p = 0.004),
whereas while the day 5 differences are not statistically significant (p = 0.071) they
include large error bars consistent with the small total release achieved at the longer

time periods tested. Given that the baseline release data was collected at the same
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intervals as the pulsing data in each experiment, this result suggests that linearly-
predictable drug doses can be achieved as a function of increasing the pulse time, at
least over the first two days of composite pulsing. This result simplifies the use of these
nanocomposites in terms enabling delivery of a controlled dose of drug in a repeatable

manner by simply changing the pulse time.

Composite Cytotoxicity: Our previous work showed that all of the components of the
nanocomposites displayed no to minimal cytotoxic effects when the cells were exposed
to 0.1 — 2 mg/mL of each component for 24 hours.** Here, the cytotoxicity of the
nanocomposites as a whole was determined by placing nanocomposite discs on top of
3T3 mouse fibroblast cells and comparing the viability of these cells to controls that were
not exposed to the nanocomposites. Since the microgels displayed the greatest (albeit
still limited) cytotoxicity in previous studies® and the hydrogels with SPIONS*" and
hydrogels without SPIONs/microgels have also previously shown minimal cytotoxic
responses®®, only nanocomposites with higher microgel (Moss) contents were tested. It
should be noted that none of the microgels studied here exhibited significant cytotoxicity
(Figure S4.7), rationalizing the use of the My s microgels as representative microgels for
nanocomposite toxicity testing. Table 4.3 shows the cell viability (measured via MTT
assay relative to a cell-only control) of nanocomposites with various microgel contents.

Table 4.3: Cell viability (via MTT assay) of 3T3 mouse fibroblast cells exposed to SPION

and microgel composites. 100% viability refers to the signal from cells not exposed to
nanocomposite.

Composition Cell Viability
(with 8 wt% Hydrogel) (%)
8 wt% Microgels 93+2
12 wt% Microgels 92+2
16 wt% Microgels 77 +12

151



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

Cells exposed to the nanocomposites experience only very limited cytotoxicity, with
viabilities > 77% measured in all cases and a only minimal change in cytotoxicity
observed as the amount of microgels in the nanocomposites is increased even at the
high microgel concentrations (p = 0.048 comparing 8 wt% and 16 wt% microgels). As
such, the low overall cytotoxicity of both the composites and individual components
suggests that these nanocomposites have potential to be utilized in vivo and, ultimately,

in biomedical applications.

Taken together, the results of this work demonstrate that these nanocomposites have a
variety of controllable characteristics that make it possible to tune the level of release
that takes place as a result of an externally-mediated AMF exposure. Further tuning of
the properties of the microgel and/or hydrogel phase to change the affinity of one or both
phases for the drug could also be pursued to tune the release properties as desired, as
we have previously demonstrated for other microgel-hydrogel soft nanocomposites.®* In
addition, drugs of a different size or with different chemical properties (i.e. anionic,
cationic, hydrophobic, hydrophilic) would diffuse out at differing rates, with larger drugs
potentially experiencing even greater increases in release in response to AMF pulses
due to the their lower baseline diffusion rate. The nanocomposites also have a variety of
other properties amenable to their proposed biomedical application, as they are
mechanically strong, can be directly injected to the site of interest (providing control over
the site of localized drug release), can be degraded over time, and do not induce

significant cytotoxicity.
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4.2.5 Conclusion
Nanocomposite materials intended for use as externally-activated drug delivery devices
were fabricated by entrapping thermosensitive microgels and SPIONs in an in situ-
gelling hydrogel network. The nanocomposites are entirely injectable and degradable,
possess good mechanical strength and cytocompatibility, and are able to deliver pulses
of drug upon exposure to an AMF. Adjusting the microgel chemistry to create microgels
that have less deswelling below 37°C and more proportional deswelling between 37°C
and 43°C, adding higher microgel volume fractions (while maintaining the mechanical
stability of the nanocomposite), and minimizing the equilibrium swelling responses of the
surrounding bulk hydrogel were all found to enhance the degree of pulsatile release
following an externally-operated AMF pulse. We anticipate these findings represent an
additional step toward the generation of translatable ‘smart’ drug delivery technologies
that can be operated via an external source, potentially leading to improved therapies for

conditions in which pulsed and site-specific drug delivery is beneficial.
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4.2.7 Electronic Supporting Information (ESI) available
TEM images, a schematic of the AMF-pulse release setup, rheological tests of magnetic
nanocomposites with differing microgels, a representative pulse-induced drug release
result, cumulative release results, a table of pore volume created upon heating with
different microgel contents, and cell viability results for differing microgels can be found

in the supporting information. This material is available free of charge via www.rsc.org.
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4.2.9 Supporting Information

FEG-SPIONS in DIW 8.Lif
100 nm

Direct Mag: 400000x

Figure S4.1: TEM image of PEG-functionalized SPIONS. The particle clustering on the
copper grids, occurring during sample preparation for TEM, is typical of hydrophilic
nanoparticles.
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Figure S4.2: Schematic of the set up for AMF-mediated pulsatile release from
nanocomposites capable of keeping the nanocomposites at a 37°C baseline
temperature.
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Figure S4.3: Storage modulus of nanocomposites prepared with differing
PNIPMAM:PNIPAM contents with 8 wt% PNIPAM-Hzd/Dex-Ald precursor polymers.
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Figure S4.4: Representative release profile (expressed as rate of drug release) of 4 kDa
FITC-Dex during the first day of a pulsatile release test: 8 wt% hydrogel, 8 wt% microgel,
5 wt% PEG-SPIONs, and 1 wt% 4 kDa FITC-Dex. The composite was incubated at
37°C. The red dots indicate the measured time point immediately after applying the
AMF on the sample, showing the increase in the rate of release due to an AMF pulse,
and the release rates that were compared to the points around them to determine the
increase in the rate of release.
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Table S4.1: Excess 4 kDa FITC-Dex released over the duration of the magnetic pulse
for composites made with microgels with different formulations.

Extra Drug Released During Pulses (ug)
Test Name Day 1 Day 2 Day 3 Day 5
\Y P 21+5 0.42 £ 0.07 0.13+£0.04 0.02 £0.01
M; 18+ 2 0.35+0.02 0.10+£0.01 0.02 £0.01
Moss 202 0.10 £0.02 0.02 +0.01 -0.03 £0.03
Mo.27 14 +5 0.07 £0.04 0.00 £ 0.01 -0.04 + 0.05

Table S4.2: The volume fraction of the nanocomposite corresponding to microgel, the
volume fraction of the gel that becomes free volume at 37°C and 43°C due to heating,
and the resulting increase in free volume fraction due to AMF activation (i.e. magnetic

heating to 43°C from a 37°C baseline temperature).
W1% Microgel 10Myg 8Myg 6Myg 4AM; g OMyg

Vol % Microgel 7.02 5.62 4.21 2.81 0

(change between 25:C and a7°c) | S 449 33 224 0

(chzglg;i) bP(St:/‘vaeNeit\gg"rIC(: aatnii?’;;C) 6.95 556 417 2.78 0

Chg’gﬁ;’;:g';f’cp;);z 'zgf,‘gork 1.34 1.07 080 054 0

Table S4.3: Average excess 4kDa FITC-Dex released over the duration of an AMF
pulse for composites made with different microgel contents.

Extra Drug Released During Pulses (ug)

Microgel Day 1 Day 2 Day 3 Day 5
Content
10 My 25+6 0.71 £ 0.07 0.12 £ 0.03 0.02 +0.01
8 M1s 215 0.42 + 0.07 0.13+0.05 0.02 £ 0.03
6 Mg 273 0.28 £0.04 0.12 +0.04 0.03+0.01
4 Mg 21+3 0.22 +£0.08 0.01 £0.04 -0.01 £ 0.02
0M;g 16 +3 0.01 £0.09 0.01 +0.08 NA
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Table S4.4: Average excess 4 kDa FITC-Dex released over the duration of an AMF
pulse for composites with different swelling behaviours.

% CMC Extra Drug Released During Pulses (ug)
(remainder Dex) Day 1 Day 2 Day 3 Day 5
100 CMC 15+1 0.29 £ 0.08 0.05+0.01 -0.04 + 0.07
75 CMC 15+4 0.28 +0.11 0.03 +0.01 -0.02 + 0.05
50 CMC 15+2 0.58 £ 0.09 0.16 £0.02 0.07 £ 0.02
25 CMC 41 +5 0.57£0.12 0.19 £0.02 0.10+ 0.02
0 CMC 36+9 0.38 +0.10 0.04 +0.01 0.03+0.01

Table S4.5: Average excess 4 kDa FITC-Dex released over the duration of an AMF
pulse for 8wt% M, g composites exposed to different durations of applied AMF pulses.

Extra Drug Released During Pulses (ug)

Pulse Time Day 1 Day 2 Day 3 Day 5
10 min 21+5 0.42 £ 0.07 0.13+0.05 0.02 +0.03
20 min 23+2 0.47 +0.03 0.12 +0.06 0.02 £ 0.02

Relative Viability of Mouse
Firbroblast (3T3) Cells

0.2 0.4 0.8 1.2 16 2

Microgel Concentration (g/mL)

Figure S4.5: Relative viability of 3T3 mouse fibroblast cells after a 24 hour exposure to
various microgel compositions in an MTT assay.
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Chapter 5: Microinjector

5.1 Preface

This work represents the transition from micro- to nano-scale materials in this thesis, as
the microinjector developed here produces hydrogel droplets in the millimeter size
range. This chapter focusses on the development of the microinjection device for
ophthalmic delivery of our in-situ gelling MITCH-type hydrogel materials, as no device
existed that would be able to inject small amounts of MITCH-type hydrogels for animal
experiments. This microinjector was shown to inject precise, low amounts (1 — 20 pL) of
our injectable hydrogels for use that were shown to exhibit good tissue compatibility in in
Vivo ocular experiments with Sprague-Dawley rats. This was the first time these types of
injections have ever been performed and these microinjectors (or slight variations of
them) could ultimately be used to deliver magnetic, SPION-containing gels to the eye or

other regions of the body for magnetic targeting or magnetically-actuated release.
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5.2 Microinjector-based delivery and compatibility assessment of in-situ,

reactively-gelling hydrogels to the posterior eye

Scott Campbell,* Jun Yang, © Ben Muirhead,” Heather Sheardown,” P. Ravi

Selvaganapathy,” and Todd Hoare™* [Manuscript in Preparation]

5.2.1 Abstract

Diseases associated with the back of the eye are one of the primary causes of vision
loss, particularly in more developed nations, and are often only treatable via direct
intraocular injection. Recently, several injectable in situ-crosslinking mixing induced two-
component hydrogels (MITCH) have been engineered to exhibit properties highly
amenable to improving existing therapies to the back of the eye by extending the
duration of efficacious drug release while maintaining the desired transparency,
refractive index, and potential for clearance. However, there is currently no device
capable of injecting MITCH-type hydrogels at the extremely small volumes required for
intraocular injection.  Herein, we describe the design of a microfluidics-based
microinjection device capable of controllably injecting small volumes of in situ-gelling
MITCH-type hydrogels and then apply the device for the first in vivo injection of these
types of hydrogels into the vitreous humor of Sprague-Dawley rats. The devices can
controllably eject gels with volumes in the 1-10 pyL range with low tolerances, and
hydrazone crosslinked poly(oligoethylene glycol) methacrylate (POEGMA) hydrogels
delivered using the device displayed no significant tissue toxicity in comparison to saline

controls. We anticipate such hydrogels, coupled with the delivery device, have potential
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for minimally-invasive intraocular delivery of therapeutics while minimizing the number of

required injections.

Keywords: hydrogels, drug delivery, controlled release, injectable, posterior eye

treatment.

5.2.2 Introduction

The primary causes of vision loss in developed nations are diseases associated with
the posterior eye, such as age-related macular degeneration, diabetic retinopathy,

posterior uveitis, and retinitis due to glaucoma, etc.*™

Unfortunately, the posterior
region of the eye is an exceptionally difficult target tissue due to a variety of anatomic
and physiologic limitations.®> Current conventional treatments involving intraocular
injections to the back of the eye have proven quite successful from a therapeutic
perspective, but the frequent injections that are required by many of these treatments
markedly increases the risk of complications over time and, at minimum, is both
incovenient for the patient and highly demanding of an ophthalmologist’s time.*™®
Thus, the development of drug delivery materials that can be delivered minimally-
invasively (ideally via injections analogous to current practice) but can also prolong

release of therapeutic agents (and thus limit the number of required injections for

effective treatment) would be highly beneficial.

Hydrogels are particularly attractive materials in this context as they can facilitate
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prolonged delivery of therapeutics, mimic the physicochemical and mechanical
properties of native soft tissues in vivo, and can be designed to be transparent.’®
However, the elasticity of pre-formed bulk hydrogels makes their direct injection
difficult, particularly through the narrow-gauge needles typically used for intraocular
injections. As such, increasing attention has been focused on injectable, in situ-
gelling mixing-induced two-component hydrogels (MITCH) that exploit the rapid

chemical reaction of complementary groups grafted to two polymers (such as

10 1

aldehyde-mediated crosslinking of alcohol-,'® amine-,** or hydrazide-functionalized

12-15

polymers or thiol-mediated crosslinking with acryloyl,®

maleimide,’’” or

16.18) 19-22 By judicious selection and strategic functionalization of

vinylsulfone groups
the polymers used in MITCH-type hydrogels, such hydrogels can be designed to be
transparent (effectively matching the refractive index of the vitreous humour),
degradable, possess hydrophobic domains for optimizing drug binding, and facilitate
tunable release kinetics.?**> Such hydrogels may also find ophthalmic applications

as vitreous replacement materials for patients suffering from opacification of the

vitreous, commonly observed upon aging.

We have recently reported on several in situ-gelling injectable MITCH hydrogels
based on aldehyde-hydrazide chemistry, resulting in the generation of hydrolytically
degradable hydrazone crosslinks upon mixing that slowly degrade at physiological
conditions.?*?° Such hydrogels are typically prepared on the bulk scale by loading
hydrazide- an aldehyde-functionalized polymers into separate barrels of a double
barrel syringe and then co-extruding the polymers through a static mixer to facilitate
mixing and thus initiate crosslinking to form a gel (Figure 5.1). The double barrel

syringe systems typically used can be applied to form hydrogels with volumes
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ranging from 0.2 mL to >5 mL, with tolerances of ~ £100 uL. However, to assess the
in vivo capabilities of these hydrogels in mouse/rat, rabbit, and ultimately human
eyes, very small amounts of each reactive material (1 — 20 yL) must be injected and
effectively mixed, with tolerances of only + 1-2 yL (and perhaps even stricter
depending on the drug to be delivered) permissible to inject a controlled quantity of
the given therapeutic and avoid significant changes in ocular pressure.®*® While
injections on this volume scale are routinely done with single component systems,
the additional requirement of mixing the two reactive polymers upon injection (while
also preventing premature gelation in the injector) poses a significant additional
challenge with administering MITCH-type hydrogels. Indeed, to this point, no

suitable injection system exists for this application.

Aldehyde 9

. ‘ group ”
S R /C\H
P
P

Hydrazide-
functionalized
polymer

B 'o |
am

Figure 5.1: Typical hydrogel fabrication process using a double barrel syringe. Solutions
of each respective reactive polymer are loaded into separate barrels of a double barrel
syringe. Upon injection, these materials mix and interact rapidly in a mixing channel
before being ejected out of a needle into a pre-defined mould or, for in vivo purposes,
the tissue of interest.
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In response, this work aims to design a microfluidics-based microinjector that can be
used to inject MITCH hydrogels into the back of the eye with significantly better volume
control and subsequently apply the microinjector to test the tissue compatibility of such
hydrogels in the back of the eye for the first time. Specifically, we assess the tissue
response to hydrazone crosslinked poly(oligoethylene glycol methacrylate) (POEGMA)-
based hydrogels that we have extensively investigated both in vitro (where they
demonstrate transparency, protein-repellent properties, as well as prolonged release of
macromolecular therapeutics) and via subcutaneous injections in vivo (in which mild
acute and minimal chronic inflammation was observed).”® FITC-tagged POEGMA
polymer precursors injected into one eye of Sprague-Dawley rats using our microinjector
design are shown to effectively form a hydrogel in vivo with low volume tolerances while

not inducing any significant local tissue toxicity.

5.2.3 Experimental

Materials: Acrylic acid (AA, 99%), aluminum oxide (98%), ammonium persulfate (98%),
1,4-dioxane (99%), dimethyl sulfoxide (DMSO, >99%), fluorescein isothiocyanate (FITC,
>97.5%), paraffin oil (light), poly(oligoethylene glycol methacrylate) (M, 500, OEGMAsqq,
>99%), and thioglycolic acid (TGA, >98%) were all purchased from Sigma Aldrich
(Oakville, ON). All monomers were purified prior to their polymerization by passing them
through an aluminum oxide column. N-(2,2-dimethylaminoethyl)methacrylamide
(DMAEMAmM) was synthesized in-house following the procedure of Patenaude et al.®> N-
3-dimethylaminopropyl-N-ethyl carbodiimide hydrochloride (EDC, commercial grade)

was purchased from Carbosyth (Compton, CA). Adipic acid dihydrazide (ADH, 97%)
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was purchased from Alfa Aesar. 1 M HCI was purchased from LabChem Inc. Dimethyl
2,2'-azobis(2-methylpropionate) (AIBMe, 98.5%) was purchased from Waterstone
Technologies. The poly(dimethylsiloxane) (PDMS) elastomer used was made from Dow
Corning Sylgard 184 Elastomer kit purchased from Ellsworth Adhesives. Bovine vitreous
humour was obtained from fresh bovine eyes received from a local farm. Deionized

water (DIW) was purified using a Barnstead Nanopure purification system.

Synthesis of hydrazide-functionalized POEGMA (POEGMA-Hzd): Hydrazide-
functionalized POEGMA was synthesized by copolymerizing 4.0 g of OEGMAs, with
286 pL of acrylic acid (AA), 1 puL of TGA, and 0.037 g of AIBMe in 20 mL of DMSO in a
100 mL Schlenk flask. The solution was purged for 30 minutes under nitrogen, and the
polymerization was initiated by submerging the solution in an oil bath preheated to 75°C
under a nitrogen atmosphere with magnetic stirring. The polymerization was allowed to
proceed for 4 hours. The dioxane was evaporated off, and the polymer was dissolved in
deionized water (DIW) and dialysed over 6 (6+ hour) cycles before lyophilization to
dryness. The carboxyl groups (from the AA residues) were subsequently functionalized
with hydrazide groups by dissolving 3.0 g of the resulting polymer and 3.6 g of ADH in
150 mL DIW. The pH was adjusted to pH = 4.75 with 0.1 M HCI. A solution of EDC (1.6
g of EDC in 5 mL DIW) was then added to the flask, and a pH of 4.75 was maintained for
4 hours via the dropwise addition of 0.1 M HCI. The resulting hydrazide-functionalized
POEGMA polymer was then dialysed over 6 (6+ hour) cycles, lyophilized, and then

stored as 20 w/w% solutions in PBS at 4°C.

To fluorescently tag this polymer with FITC, 0.5 g of the polymer was dissolved in 500

mL of 0.1M Na,CO; buffer, 10 mg of FITC was added to the solution, and the solution
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was allowed to stir overnight. The polymer solution was then dialysed, lyophilized, and

stored in the same manner as the non-FITC tagged polymer.

Synthesis of aldehyde-functionalized POEGMA (POEGMA-AId): POEGMA with
aldehyde functionality was prepared by copolymerizing 4.0 g OEGMAsq, with 0.60 ¢
DMAEMAmM, 1 pL of TGA, and 0.050 g of AIBMe in 20 mL of DMSO in a 100 mL Schlenk
flask. The solution was purged with nitrogen for 30 minutes, and the polymerization was
initiated by submerging the solution in an oil bath preheated to 75°C with magnetic
stirring. The polymerization was allowed to proceed for 4 hours, after which the dioxane
was evaporated off and the poly(OEGMA-co-DMAEMAmM) polymer was dialyzed against
deionized water (DIW) for 6 (6+ hour) cycles before lyophilizing to dryness. The acetal
groups of the poly(OEGMA-co-DMAEMAmM) polymer were then converted to aldehydes
by dissolving the copolymer in a 100 mL, 50:50 mixture of DIW and 1 M HCI and leaving
the solution to stir for 24 hours. Following, the aldehyde-functionalized POEGMA
polymer was dialyzed against DIW for 6 (6+ hour) cycles, lyophilized, and then stored as

a 20 w/w% solution in PBS at 4°C.

Microinjector device design: A simplified schematic of the designed microinjection
device is shown in Figure 5.2. The hydrazide- and aldehyde-polymer solutions were
loaded within separate barrels of a double syringe (as per bulk injections). The double
barrel syringe was then connected to the device with silicone tubing. Upon injection, the
pressure forces the polymer solutions through a serpentine microfluidic channel
structured with staggered herringbone mixers, originally described by Stroock et al.*,

which apply transverse flows to induce microvortexes and promote mixing. After

navigating through the mixing channel, the mixed polymer solutions enter and fill the
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volume control reservoir. The device is fully primed when these polymer solutions first
exit from the microinjector via the outlet needle/capillary. After the device is primed, the
material within the volume control reservoir can then be ejected by pushing the plunger
of an air- or buffer-loaded (20 uL) syringe attached to the ejection syringe inlet, forcing a
controlled amount material (equivalent to the designed volume of the volume control
reservoir) out of the needle/capillary of the injector. A one-way valve included at the
outlet of the mixing channel ensures that the contents of the volume control reservoir are
ejected out of the device and not back into the mixing channel; this one-way valve was
also found to be essential in the practical application of the device to avoid complications

with intraocular pressure when using the device to inject gel inside the eye.

w Polymer Solution

Mixing
Channel

%> One-way Valve

. Volume Control
“ Reservoir

s Ejection Syringe
Inlet

———% To Needle /Capillary

Figure 5.2: Schematic of the microinjector design. A manual pressure source propels
the polymer solutions from their reservoirs into a herringbone mixing microfluidic channel
before their emission from a needle. The volume contained within the volume control
reservoir (designed to be 2 pL for this particular device) is the controlled volume that is
released when pressure is applied to the ejection syringe inlet.

Microinjector fabrication: Two approaches were used to design the microfluidic
devices: (1) Conventional soft photolithography was performed based on a master

mould patterned on a 3” silicon wafer using SU-8 100 photoresist (MicroChem, MA,
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USA). The inlets, pieces of Masterflex silicone tubing (L/S 13, 0.8 mm I.D., Cole Parmer,
ON), were placed on the mould before casting the PDMS on the mould, after which the
devices were heated on a hot plate at 75°C for 2 h to cure the PDMS. After curing, the
PDMS was peeled off and bonded to a glass slide by exposing both materials to oxygen
plasma at 40 W for 30 s at 0.3 mTorr and then placing the materials together to allow
them to bond overnight. (2) A ProJet HD 3000 3D printer was used to create the master
mould based on ProJdet’s Visidet EX200 plastic, offering the benefit of cheaper and more
rapid master mould fabrication better suited the need to generate moulds with varying
designs and volumes while still maintaining a suitable resolution for developing a

handheld microinjector.

To minimize the cost of the devices, capillaries with an outer diameter equivalent to a
33G needle were used instead of 33G blunt needles. These capillaries were added to
PDMS moulds already bound to a glass slide by placing the capillary in the correct
position (i.e. the exit from the volume control chamber) and sealing them to the device
with PDMS before curing them once again at 75°C for 2 h. Following, the devices were
sterilized in an autoclave, and the double barrel and ejection syringes were attached to
the inlets using polystyrene Luer lock adapters (with 1/16” hose barbs) attached to the

0.8 mm |.D. L/S 13 silicone tubing (both obtained from McMaster-Carr).

Microinjector operation and in vitro validation: The device, with the double barrel
syringe (loaded with 11.25 wt% solutions of POEGMA-Hzd and POEGMA-AId polymer
solutions) and the ejection syringe (air-loaded) attached, was first primed by applying

pressure to the double barrel syringe until the mixed polymer solution exits the capillary.
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The capillary was then inserted into the target delivery site, and the ejection syringe was

used to push out the pre-gel solution from the volume control reservoir.

In vitro validation of the device was performed by observing (1) the efficacy of mixing of
the two polymer precursors, (2) the capacity to form hydrogels in multiple different
solutions, (3) the consistency with which hydrogel droplets were manufactured and (4)

whether all the material within the volume is ejected when desired.

(1) The efficiency of mixing, with and without the herringbone structure, was studied
by flowing polymer solutions were flowed through a slightly modified three inlet
chip (still using the two precursor polymers at 3 mL/min, as controlled with a
Legato 2000 syringe pump). Methylene blue was added to the POEGMA-Hzd
polymer solution, enabling monitoring of mixing of the two precursor polymer
solutions at various points within the chip via a microscope and a camera taking
grayscale pictures. The degree of mixing was determined by using ImageJ to
observe the gray value across the width of the channel in a grayscale image
taken at each predetermined position in the mixing channel. In particular, the
point at 17.5 mm after the solutions first interact (corresponding to 15% of the
length of the entire mixing channel) was found to be most indicative of how useful
herringbone grooves are at improving the mixing of the polymer solutions within
the channels and is emphasized in the results section.

(2) To test the gelation of the polymer solutions and their capacity to form hydrogels
on/in an array of materials, 2 uyL POEGMA hydrogels were extruded onto glass
surfaces (into air) as well as into solutions of 10 mM PBS and bovine vitreous

humour at 37°C.
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(3) To assess the reproducibility of the injected volumes delivered by the device,
replicate injections into paraffin oil were performed. The surface tension between
the hydrophobic oil and the hydrophilic gel resulted in the formation of near-
perfect spheres, enabling facile measurements of total droplet volume by simply
measuring the droplet diameter. Images of the droplets were then taken
immediately post-injection via a 30%2G needle (in frame), with the diameter of the
droplets recorded using ImageJ using the 30%G needle diameter as the
reference dimension. The volume of microgel beads from 5 yL 3D printer-bourne
microinjector were estimated using a microbalance, assuming a density of the
microgel of ~1.026 g/mL (determined using a newly calibrated micropipette).

(4) To determine whether the control volume can be completely emptied when the
ejection syringe is depressed, POEGMA-Hzd was fluorescently labelled by
conjugating FITC to a small portion (~2 mol %) of the hydrazide groups on the

1.3 Fluorescence

polymer, using a method previously described by Deng et a
microscopy (Etaluma Lumascope 500, 493 nm excitation/512 nm emission
wavelengths) was subsequently used to observe the volume control region

before and after using the ejection syringe to push the material in this region out

the capillary.

In vivo assessment of microinjector device performance and hydrogel tissue
compatibility in the eye: Intraocular in vivo injections of POEGMA hydrogels were
performed on Sprague Dawley rats (Charles River, strain code 400). All animals were
handled according to the principles of the ARVO Statement for the Use of Animals in
Vision Research as well as the guidelines set out by McMaster AREB and the Canadian

Council of Animal Care. Streamlining the timing of this injection process is essential to
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reliably inject MITCH-type hydrogels effectively. The rats were induced with isofluorane
and anaesthetized with a ketamine xylazine mixture, after which they were positioned on
a holder to allow for the Phoenix Micron IV Retinal Microscope System (equipped with a
camera and linked to a computer) to be positioned to image the eye in real-time (Figure
S5.1). Alancing incision was first made in the temporal side of the sclera-corneal limbus
using 30 gauge needle coated in Nile Blue A to easily visualize the location of the hole.
Following, the microinjector was primed as described previously with 11.25 wt%
solutions of POEGMA-Hzd and POEGMA-AId, with any excess solution wiped away at
the capillary tip. The capillary of the microinjector was then inserted into the vitreous
humour through the pre-punctured hole. Once the microinjector was in position, the
injection syringe (filled with air) was depressed to eject the pre-gel solution out the
volume control chamber. The microinjector was then removed from the eye and the
fluorescent gel was monitored with the Micron IV microscope system. Each injection
was only performed on one eye of the rats, with their other eye used as a positive

control.

The intraocular pressure (IOP) was tracked with an Icare Tonolab tonometer in both the
injected and control eyes. The eyes were visually observed periodically over the next
two weeks using the camera system. Animals were sacrificed after 15 days and eyes
were enucleated. The eye samples were fixed in 4% neutral buffered formalin (NBF) for
24 hours, followed by standard histological processing and embedding into paraffin wax.
Whole eyes were processed into 5 pm sections along the sagittal plane. Tissue samples
were stained using haematoxylin and eosin (H&E) following standard protocols, with the
resulting cross-sections examined using a conventional light microscope (Olympus,

BX51).
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5.2.4 Results and discussion

Several design goals had to be met to design an effective intraocular microinjection
device. In terms of the functionality of the device, the microinjector must be capable
of: (1) effectively mixing the two precursor polymers from separate microchannels
upon injection; (2) controllably and precisely injecting volumes in the 1 - 20 uL range
through a narrow gauge needle suitable for ophthalmic applications (30G or higher)
with high reproducibility; (3) rapidly injecting these materials to prevent gelation and
blockage within the needle; and (4) being produced inexpensively, as the devices will
be only used one time due to gelation of the precursor polymers in the mixing
channel. In terms of the practical ergonomics of the device, its method of use should
be as close as possible to current clinical protocol. Current vitreal injections
(particularly in small animal models) are typically performed by first perforating a hole
in the sclera (generally with a 27-30G needle) and inserting the blunt 33G needle of a
syringe through this hole, with one person holding the syringe in place and another
pushing the plunger to eject the payload.®® In the device design pursued, one person
similarly holds the device following priming and the second person depresses the
ejection syringe to empty the volume control reservoir into the target position. In
addition, as administration times can vary from 1 to 5 minutes to successfully insert
and position the needle through the hole, the device should be not unduly
complicated to use while at the same time providing some operational flexiblity for
different procedure times. In this context, the relatively fast gelation of the POEGMA -
hydrazone gels (1-5 minute gelation times for the formulations used herein) further
requires a device design that facilitates rapid administration while retaining some

degree of flexibility for the practitioner.
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The ultimate device design was intended to meet all of the aforementioned requirements
while operating analogously to the macroscale double-barrel system, but using a
microfluidic method with an added component to control the volume released. Two
methods (soft lithography and 3D printing) were used to design the devices, with the low
tolerances and smaller feature sizes facilitated by microfluidics offset by the higher
flexibility in terms of rapid re-design and lower per unit cost of 3D printing. For the
lithography-based design, the microinjector had channels with a width of 200 ym and a
height of 100 um and alternating herringbone grooves having a height of 23 ym spaced
50 um apart within the mixing channel. These herringbone grooves were added to the
devices to enhance the mixing of the two polymer solutions, as the microfluidic nature of
these devices encourages laminar flow regimes. The impact of the addition of
herringbone patterns to the devices is immediately apparent in Figure 5.3, in which
methylene blue dye was added to the POEGMA-Hzd polymer solution and the
distribution of the methylene blue was analyzed at various positions in the serpentine
mixing channel. Figure 5.3 shows a mixing comparison of devices with and without the
herringbone structure at the first position studied, only 17.5 mm after the solutions first

interact as the polymer solutions.
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Figure 5.3: Grayscale mixing distribution over the channel width for designs (a) with and
(b) without herringbone structures at 17.5 mm from the mixing junction.

With the herringbone mixers included, nearly complete mixing occurs at the first
observed position, only 17.5 mm into the mixing channel (15% of the total length of the
channel used). Conversely, in a microchannel of the same dimensions prepared without
herringbone structures, the two streams are still clearly delineated from each other at
this position, as any mixing is only due to diffusional effects based on the laminar flow

regime in the channel.

To confirm both gelation of the polymers delivered through the device as well as the
effective separation of the small droplets from the outlet capillary of the microinjector,
gels were extruded onto glass surfaces and into solutions of PBS and (most relevant to
the proposed application) bovine vitreous humour at 37°C. Figure 5.4 shows a
representative sample of a small, ~2 uL hydrogel droplet containing methylene blue (for
more facile visualization) ejected from the microinjector into bovine vitreous humour at
37°C. The hydrogel droplets consistently separated from the microinjector and formed

small hydrogel beads directly at the site of administration. In addition, the hydrogel
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droplet could be carefully removed from the solution minutes after injection, indicating

that the polymer solutions do ultimately result in the formation of crosslinked hydrogels.

Figure 5.4: A ~2 uL gelled hydrogel droplet (dyed with methylene blue) injected into
bovine vitreous humour at 37°C.

The extent of volume control provided by these initial prototypes was then assessed by
injecting hydrogels into paraffin oil, which based on surface tension gradients results in
very spherical hydrogel droplets that can be imaged and measured. Figure 5.5 shows
the greatest variation in droplet sizes observed over ~15 repeat injections from a device
intended to deliver 2 uL hydrogel droplets observed thus far with volumes of 1.92 + 0.06
uL; even the extreme volume results obtained still lie within a ~+10% range. As such,
the combination of the volume control chamber and the one-way flow valve on the
device enables repeatable ejection and separation of droplets with controlled volumes
(~+x10%) in the range of interest for intraocular injections (1-10 pL) via an entirely

handheld operation, requiring no additional equipment.

Figure 5.5: Example of small variation in droplet size from a 2 UL microinjection system
developed from a mould generated using photolithography.
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The reproducibility of this device, while attractive, requires a trade-off in terms of the cost
of each device (problematic given the requirement to use a new device for each
injection) and the flexibility of the volume to be delivered (i.e. changing the volume would
require fabricating a new silicon-based master mould, which is both time-consuming and
expensive). As an alternative, a mould with the same basic geometry but prepared via
3D printing was fabricated. Due to the significantly lower resolution of 3D printing versus
soft lithography, the dimensions of this device are much larger than the previous device
(channels with a width of 900 um and a height of 600 um and alternating herringbone
grooves having a height of 250 um spaced 350 um apart); the result is slightly lower
reproducibility associated with repeat injections. Indeed, for a device designed with a
5.2 uL control volume, POEGMA droplets with a volume of 4.3 = 0.8 uL (n=24), as
measured using a microbalance, were injected (corresponding to ~15-20% variability
versus ~10% with the microfluidic injectors). However, this variability is still more than
acceptable for attempting to assess the tissue responses of our hydrogels in vivo;
furthermore, given that effective controlled release of drug would eliminate bolus dosing
and thus the potential toxicity challenges with using injection volumes that are too high,
even this 3D printed device may offer improvements over current clinical practice.
Furthermore, relative to the lithographic injectors, the use of these larger dimensions and
3D printing for preparing the devices offers several compelling advantages: (1)
microinjectors could be slightly modified and manufactured to have different control
volumes in a much more rapid manner via this process, significantly lowering the costs
of device development; (2) increasing the channel dimensions increases the Reynolds
number in the channels, improving mixing (although the herringbone structures were still

retained in this design to ensure effective mixing); (3) the same volume control reservoir
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sizes that we desire (>1 uL) can be accurately 3D printed, enabling injection of the same

control volumes to the eye.

Due to larger size of the devices fabricated from 3D printed moulds, the resulting
reduced probability of laminar flow could result in the not all of the material in the control
volume being ejected from this reservoir when pressure is applied to the ejection
syringe. This possibility was examined by using fluorescently labelled polymers and
observing the fluorescence intensity within the volume control reservoir before and after
the ejection of a 5 yL sample of gel with an water-filled ejection syringe. As shown in
Figure 5.6, the entire volume of the material in the control reservoir can indeed be
ejected from the device. Note that the fluorescence intensity is not fully uniform in the
volume control reservoir prior to ejection, related to the formation of pre-gel structures

after the components have been mixed but prior to the formation of bulk gel monoliths.

Before Pumping Out After Pumping Out

Figure 5.6: The volume control region of a microinjector primed with aldehyde-
functionalized POEGMA and FITC-labelled hydrazide-functionalized POEGMA before
and after using the ejection syringe to pump out the material initially inhabiting the
volume control region.

The POGEMA hydrogels used in this work have previously been shown to have little to
no cytotoxicity in vitro with NIH 3T3 mouse fibroblast cells and, notably, retinal pigment

epithelium cells.®® As such, these hydrogels were ideal candidates for intraocular
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injection. The protein repellent and fluorescent (but otherwise transparent) POEGMA
hydrogels were injected into one eye of Sprague Dawley rats using a 3D printed
microinjector (5 pL volume reservoir) while the other eye was used as a control, with
both eyes observed with a Micron IV microscope system immediately post-injection and
over the next 14 days. The images for the choroidal injection and representative images

for the five vitreal injections performed are shown in Figure 5.7.

CONTROL/

Figure 5.7: Injection of FITC-labeled POEGMA-Hzd/POEGMA-AId hydrogels delivered
via a microfluidic microinjection device into the choroid (top) and the vitreous (bottom).
Fluorescent (green) and brightfield (white) images were taken immediately after the
injection and two days post-injection. There was no fluorescence detected on day 2 or in
the control fluorescent image.

While it was not intended to inject these materials into the choroidal region of the eye
(between the retina and the sclera), the increased flexibility of the capillary over
traditional needles made this form of injection much easier to perform than with

conventional stiff metallic needles, with which such injections are highly challenging
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even on larger (human) eyes. Given the significant interest in using the choroid itself as

a drug depot for drug delivery to the back of the eye,

this apparent benefit of
microinjector delivery offers the potential to more easily exploit the possible dual
regulation of drug release from the injected hydrogel (i.e. diffusion through the gel) and
diffusion through the choroid. The resulting hydrogel formed in the needle track and
exhibits a high fluorescence intensity from a well-defined geometry, suggesting the
formation of a well-defined gel (i.e. no significant diffusion of precursor polymers away
from the injection site). However, no fluorescence persisted at day 2, presumably due
to photobleaching of the fluorescein-based probes in the pigment-free albino rats used
for the studies. Note that the transparency of the hydrogels also means that they cannot
be observed under the brightfield wavelengths. In contrast, pre-gel mixtures injected
into the vitreous appear to disperse significantly more than they do in the choroid, still
leading to the apparent formation of a hydrogel but one that likely possesses a lower
crosslink density than injections into small, well-defined choroidal space. Again, no
fluorescence whatsoever was observed at day 2, presumably due to the same issues
with photobleaching as noted for the choroidal injection. However, following sacrifice of
rats two weeks post-injection, semi-opaque hydrogels were found to persist in each of
the injected eyes but not the control eyes; this result suggests that the loss of
fluorescence at day 2 is due to photobleaching and not clearance of the hydrogels
and/or the hydrogel precursor polymers from the eye. Note that the conversion of the
gel optical properties from fully transparent to semi-opaque is consistent with hydrogel
behavior in long-term swelling experiments, presumably due to the degradation of the
polymers shifting the phase transition temperature of the hydrogel or protein deposition

on/within the hydrogel.
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Figure 5.8: Histology of (a) eye that underwent choroidal injection, (b) eye that
underwent vitreal injection, and (c) representative control eye that received a lancing
injection but was not injected with the microinjector.

Images of histological sections from the eyes injected with POEGMA hydrogels (both
targeting the choroid and the vitreous) and the control eyes are shown in Figure 5.8.

Comparing histology of the eyes that underwent the choroidal injection (a), the
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intravitreal injection (b), and the control (c) shows no retinal toxicity based on the lack of
retinal necrosis, infiltration of inflammatory cells or morphological changes. There is no
indication that retinal cells were affected in any way, so neither the use of the
microinjection device nor the gel chemistry is inducing undesirable tissue responses in
the back of the eye. POEGMA gels can therefore be injected into the vitreous, can form
gels in this environment, and seem to be extremely well tolerated. This suggests the
potential of MITCH-type hydrogels delivered via this microinjection system as intraocular
drug delivery devices for treating posterior eye diseases (with particular potential interest
in wet acute macular degeneration given the noted capacity of similar POEGMA
hydrogels to facilitate long-term protein delivery)®® and/or potential materials for

intravitreal replacement.

5.2.5 Conclusions

A new microfluidics-based microinjection device was developed and demonstrated to
effectively mix and subsequently deliver precise small volumes of in situ gelling hydrogel
precursors to the back of the eye, allowing in vivo assessment of injectable MITCH-type
hydrogels as ocular drug delivery materials for the first time. The devices are capable of
delivering 1-20 pL volumes of hydrogel precursor polymers with relatively low tolerances
(~10% for the photolithography injectors and ~15-20% for the 3D printed injectors)
through 33G blunt needles or glass capillaries, enabling the formation of hydrogels in
situ that can effectively separate from the needle upon injection. Injection of hydrazone
crosslinked POEGMA hydrogels into the back of the eye using these devices was

demonstrated to result in effective gel formation in vivo without inducing any significant
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tissue toxicity or inflammation relative to an untreated control eye. Furthermore,
choroidal injections (highly challenging with conventional needles) appear to be
significantly easier with the microinjection devices given the flexibility of the glass
capillaries used at the device outlets. We anticipate such devices, coupled with these or
other MITCH-type hydrogels, have significant potential to deliver hydrogel-based drug
delivery depots to the intraocular space to address current challenges with drug delivery

for posterior eye diseases.

5.2.6 Acknowledgements

The authors thank the J.P. Bickell Foundation (Medical Research Grant Program), the
Vanier Scholarship program, and the Natural Sciences and Engineering Research

Council of Canada (NSERC) for funding.

187



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

5.2.7 References

1 M. E. Myles, D. M. Neumann and J. M. Hill, Adv. Drug Deliv. Rev., 2005, 57,

2063-2079.

2 S. D. Fitzpatrick, M. Jafar Mazumder, F. Lasowski, L. E. Fitzpatrick and H.

Sheardown, Biomacromolecules, 2010, 11, 2261-2267.

3 H. Sheardown, Future Med. Chem., 2012, 4, 2123-2125.

4 U. B. Kompella, A. C. Amrite, R. Pacha and S. A. Durazo, Prog. Retin. Eye Res.,

2013, 36, 172-198.

5 M. N. Yasin, D. Svirskis, A. Seyfoddin and |. D. Rupenthal, J. Control. Release,

2014, 196, 208-221.

6 V. Delplace, S. Payne and M. Shoichet, J. Control. Release, 2015, 219, 652—668.

7 T. R. Hoare and D. S. Kohane, Polymer, 2008, 49, 1993-2007.

8 S. Merino, C. Martin, K. Kostarelos, M. Prato and E. Vazquez, ACS Nano, 2015,

9, 4686—-4697.

9 S. B. Campbell and T. Hoare, Curr. Opin. Chem. Eng., 2014, 4, 1-10.

10 C. Yeom and K. Lee, J. Memb. Sci., 1996, 109, 257-265.

11 H. Tan, C. R. Chu, K. A. Payne and K. G. Marra, Biomaterials, 2009, 30, 2499—

2506.

188



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

12

13

14

15

16

17

18

19

20

21

22

T. Ito, I. P. Fraser, Y. Yeo, C. B. Highley, E. Bellas and D. S. Kohane,

Biomaterials, 2007, 28, 1778-1786.

M. Patenaude, S. Campbell, D. Kinio and T. Hoare, Biomacromolecules, 2014,

15, 781-790.

D. D. McKinnon, D. W. Domaille, J. N. Cha and K. S. Anseth, Adv. Mater., 2013,

865-872.

D. D. McKinnon, D. W. Domalille, T. E. Brown, K. A. Kyburz, E. Kiyotake, J. N.

Cha and K. S. Anseth, Soft Matter, 2014, 10, 9230-9236.

C. Hiemstra, L. van der Aa and Z. Zhong, Macromolecules, 2007, 40, 1165-1173.

E. A. Phelps, N. O. Enemchukwu, V. F. Fiore, J. C. Sy, N. Murthy, T. A. Sulchek,

T. H. Barker and A. J. Garcia, Adv. Mater., 2012, 24, 64—70.

B. Qiu, S. Stefanos, J. Ma, A. Lalloo, B. A. Perry, M. J. Leibowitz, P. J. Sinko and

S. Stein, Biomaterials, 2003, 24, 11-18.

S. R. Van Tomme, G. Storm and W. E. Hennink, Int. J. Pharm., 2008, 355, 1-18.

D. J. Overstreet, D. Dutta, S. E. Stabenfeldt and B. L. Vernon, J. Polym. Sci. Part

B Polym. Phys., 2012, 50, 881-903.

W. E. Hennink and C. F. van Nostrum, Adv. Drug Deliv. Rev., 2002, 54, 13-36.

C. T. S. Wong, P. Foo, J. Seok, W. Mulyasasmita, A. Parisi-Amon and S. C.

Heilshorn, Proc. Natl. Acad. Sci. U. S. A., 2009, 106, 22067-22072.

189



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

23

24

25

26

27

28

29

30

31

32

N. Smeets, E. Bakaic, M. Patenaude and T. Hoare, Chem. Commun., 2014, 50,

3306—-3309.

M. Patenaude and T. Hoare, Biomacromolecules, 2012, 13, 369-378.

W. Mulyasasmita, L. Cai, R. E. Dewi, A. Jha, S. D. Ullmann, R. H. Luong, N. F.

Huang and S. C. Heilshorn, J. Control. Release, 2014, 191, 71-81.

M. Patenaude and T. Hoare, ACS Macro Lett., 2012, 1, 409-413.

S. B. Campbell, M. Patenaude and T. Hoare, Biomacromolecules, 2013, 14, 644—

653.

D. Maitland, S. B. Campbell, J. Chen and T. Hoare, RSC Adv., 2016, 6, 15770—

15781.

S. Campbell, D. Maitland and T. Hoare, ACS Macro Lett., 2015, 4, 312-316.

B. Xie, L. Jin, Z. Luo, J. Yu, S. Shi, Z. Zhang, M. Shen, H. Chen, X. Li and Z.

Song, Int. J. Pharm., 2015, 490, 375-383.

A. D. Stroock, S. K. W. Dertinger, A. Ajdari, I. Mezic, H. Stone and G. M.

Whitesides, Science, 2002, 295, 647—-651.

X. Deng, N. M. B. Smeets, J. Wang, J. D. Brennan, C. D. M. Filipe and T. Hoare,

J. Am. Chem. Soc., 2014, 136, 12852-12855.

190



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

33

34

35

36

P. Sheikholeslami, B. Muirhead, D. Sung, H. Baek, H. Wang, X. Zhao, D.
Sivakumaran, S. Boyd, H. Sheardown and T. Hoare, Exp. Eye Res., 2015, 137,

18-31.

T. Yasukawa, Y. Ogura, Y. Tabata, H. Kimura, P. Wiedemann and Y. Honda,

Prog. Retin. Eye Res., 2004, 23, 253-281.

N. Kuno and S. Fuijii, Polymers, 2011, 3, 193-221.

E. Bakaic, N. M. B. Smeets, H. Dorrington and T. Hoare, RSC Adv., 2015, 5,

33364-33376.
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Figure S5.1: Phoenix IV camera setup for monitoring in vivo injections and injected
materials.
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Chapter 6: Magnetic microgel nanocomposites

6.1 Preface

This work investigates the use of cationic magnetic thermosensitive poly(N-isopropyl
methacrylamide (PNIPMAM)-co-acetoacetoxyethyl methacrylate (AAEM)) microgels for
AMF-actuated drug release, which had not been demonstrated previously. The
microgels are prepared using precipitation polymerization and large fractions of SPIONs
incorporated into their structure (up to 40 wt.%) as the SPIONs coordinate with the
AAEM within the microgels upon synthesis. The cationic, thermosensitive microgels with
15 wt.% SPION content were loaded with fluorescein and from a simple continuous AMF
study for a 6 hour period, it was shown that ~4.6 times more fluorescein was released
when the AMF was applied compared to controls without any AMF application. This is
the first time enhanced release has been shown from microgel-based nanocomposites in
response to an AMF, opening the door to several potential applications for these, or

similar, materials.

6.2 Thermosensitive magnetic microgels for remotely triggered, on-demand
therapeutic delivery

Scott Campbell, Angus Lam, Jenny Chen, and Todd Hoare* [Manuscript in preparation]

6.2.1 Abstract

Nanoscale delivery vehicles that can be remotely steered and/or activated offer potential

for patient- or practitioner-controlled drug delivery at the location and timing desired.
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Herein, remote controlled release from microgel-based nanocomposites is demonstrated
for the first time using an alternating magnetic field (AMF). In a simple, two-stage
fabrication process, superparamagnetic iron oxide nanoparticles (SPIONs) were seeded
within cationic thermosensitive gel nanoparticles that contain defined quantities of
charged functional groups that enable drug loading via ionic interactions. The microgels
can entrap large amounts of SPIONs in their matrix (> 25 wt/wt%) while remaining stable
in agueous suspension and maintaining superparamagnetic properties while exhibiting
low cytotoxicity in vitro. Upon application of an AMF, the SPIONs generate heat that is
transferred to the thermosensitive microgels, causing them to deswell and release drug;
cationic SPION-microgels were shown release enhanced amounts of fluorescein in
response to AMF exposure via this mechanism. Such magnetic microgels could
potentially be used to target deliver drugs via magnetic remote activation alone or
potentially be entrapped and concentrated in a larger construct to localize activatable

drug delivery vehicles at a specific location.

Keywords: microgels, iron oxide nanoparticles, on-demand, drug delivery, controlled

release, injectable.

6.2.2 Introduction

Inspiration for a significant portion of the recent advances in materials science is drawn

4

from nature."™ In the field of drug delivery, we can observe how the body naturally

regulates its own biochemistry. A perfect example of this is how healthy beta cells
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regulate insulin by monitoring glucose levels in the body and respond by delivering the
appropriate amount of insulin to sustain normoglycemia. These cells are so optimized
for this purpose that some of the most promising research regarding the regulation of
insulin release for diabetes centers around delivering and prolonging the lifetime and
efficacy of healthy allogeneic or xenogeneic beta islet cells to produce and deliver insulin

to effectively regulate glucose over extended lengths of time.>”’

Despite this, much of the non-cell based controlled drug delivery systems intended to
achieve prolonged drug release deliver the therapeutic in a passive manner, unlike their
natural cellular counterparts that regulate the release of cytokines, growth factors, etc.
based on signals from their in vivo environment.® These passive drug delivery systems
have predetermined release rates that are independent of changing physiological
circumstances or patient needs, meaning once they are implanted/injected into the body
they are beyond the control of health professionals and the patient.® The capability
instead to control release on-demand from implanted devices would thus be highly
beneficial for many scenarios, such as insulin delivery, chronic pain treatments, and
endocrine disorders. Even chemotherapeutic treatments have also shown improved
efficacy in response to the periodic delivery of therapeutics, otherwise termed as

chronopharmaceutical drug delivery.****

Recently, complex drug release profiles have been achieved by remotely triggerable
systems that respond to external stimuli such as light, ultrasound, and electromagnetic
fields.”*™ A wide range of engineered biomaterials have been developed to enable
16,17

control over the dose and timing of drug release, from liposomes® and nanoparticles

to hydrogels'® and microchips®®. Gold nanomaterials (activated via near-infrared

194



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

9,20,21

irradiation), carbon nanomaterials (nanotubes and graphene, activated via

22-24

alternating magnetic fields and near-infrared irradiation), and superparamagnetic

2528 can be

iron oxide nanoparticles (SPIONs, activated by alternating magnetic fields)
used to regulate drug release in thermoresponsive materials by generating heat in
response to alternating magnetic fields (AMFs) that induces some change in the material
that encourages drug release.*? SPIONs are widely considered to be the more
potentially biocompatible of these nanomaterials, with some reports indicating that they
can be converted into nontoxic iron species within acidic intracellular lysosomes after

they are internalized by cells.?®>™!

The use of electromagnetic fields is particularly
interesting due to the potential depth of penetration provided (with minimal energy
adsorption by native tissues) relative to light and even ultrasound-controlled delivery,
meaning that delivery systems could be implanted into nearly any location in the body

and still be remotely accessible for on-demand drug delivery.3**

Thermoresponsive polymeric materials are often based on the thermoresponsive
polymer poly(N-isopropylacrylamide) (PNIPAM) or its derivatives. PNIPAM-based
hydrogels have sparked considerable interest as biomaterials due to their
physiochemical similarity to soft tissues, high void fractions, highly tunable properties,
and thermosensitive nature.® Hydrogels and microgels composed of PNIPAM exhibit a
volume phase transition temperature (VPTT) at which the gel reversibly swells/deswells
as its temperature is switched below/above this threshold. It is this temperature-based
swelling/deswelling mechanism that can be leveraged in order to control drug release,
particularly if SPIONs are incorporated within the gel to manipulate the temperature

around the VPTT via remote actuation.
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Our lab first performed remote activated release by incorporating SPIONSs into injectable
PNIPAM-based hydrogel nanocomposites and activating pulsatile drug release using
short 5-10 minute pulses of an AMF.*® Further improvements in the ratio between the
on- and off-state release kinetics were achieved by co-entrapping thermosensitive
microgels and SPIONSs in a hydrogel structure; herein, the heat produced by SPIONs is
transferred to the thermosensitive microgels, prompting them to deswell and generate
free volume to enhance release.®*® By changing various parameters of the
nanocomposite (microgel content, microgel VPTT, hydrogel swelling ratio, AMF pulse
duration, etc.), the ratio between the on- and off-states of release was vastly improved.*®
However, it remains difficult to determine the 3D distribution of microgels, SPIONs and
drug within in these systems. Heterogeneities in these distributions within the hydrogel
matrix could lead to differing degrees of pore generation between nanocomposites that
would affect the sample-to-sample reproducibility of pulsatile release that is essential for
ultimate clinical application. In addition, these bulk systems are immobilized at the
injection site and are thus inherently more useful for local rather than systemic drug

delivery.

A plethora of micro- or nano-scale systems that combine SPIONs (or alternative
inorganic nanoparticles) with thermosensitive polymers have been reported in which
individual or small clusters of SPIONs have been coated with the thermosensitive

37-39

polymer. While this fabrication method could be considered ideal for some

applications, particularly MRI imaging in which the magnetic relaxation properties of

individual particles is crucial,**°

this method also limits the overall volume (and related
drug loading capacity) as well as the heating capacity of the nanocomposite particles.

Microgels offer a potential compromise solution to these challenges, maintaining a clear
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nanoscale size while also facilitating tunable SPION contents and significant internal free
volume enabling more effective drug loading. Microgels themselves have been widely

41-44

studied as drug delivery vehicles. While liposomes, polymeric micelles, and

nanoparticles incorporating SPIONs have all been widely studied,*™*

remote drug
release from microgels via an AMF has, to the best of our knowledge, never been
reported. The closest work involving microgels describes gold nanoparticle-based core-
shell microgels fabricated in a much different, more complex way that exhibited

94849 However, unlike AMF-activated

enhanced release upon near-IR application.
release, near-IR mediated release is limited in terms of how deep near-IR irradiation can
penetrate into tissues,* negating many of the benefits of making particles on this scale
that could travel throughout the body. The incorporation of SPIONs also provides the
potential additional benefit of being able to target the microgels to specific locations with

an external permanent magnet before regulating release from such microgels with an

AMF.

Herein, we report the proof-of-concept development of SPION- and drug-loaded
microgel nanocomposites for remote controlled AMF mediated release. The method of
SPION entrapment selected was adapted from Shen et al. (2008),>° using an
acetoacetoxyethyl methacrylate (AAEM) comonomer; SPIONs can be anchored at the 3-
ketoester group during coprecipitation of the constituent salts, analogous to reported

methods for immobilizing quantum dots (Figure 6.1).°%>

Cationic poly(N-isopropyl
methacrylamide) (PNIPMAM) nanocomposite microgels containing AAEM monomer
units are thus prepared by precipitation copolymerization, aiming to possess a VPTT

~40°C (i.e. above normal body temperature but below a temperature that is unsafe for

local tissues). Upon AMF exposure, the SPIONs generate heat that is transferred to the
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microgels to raise their local temperature above their VPTT, causing them to deswell
and inducing burst convective transport of drug from the microgel. This release kinetic is
consistent with previous temperature-stimulated reports of on-demand drug release from
microgels®*™°, but by incorporating the magnetic component this burst release can now

be remotely triggered at a time/location desired for effective therapy.
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Figure 6.1: Synthesis and AMF-mediated release of SPION-laden PNIPMAM microgel
nanocomposites. The iron salt precursors to SPIONs coordinate with the p-ketoester
groups (in gold) and coprecipitate into SPIONs under basic conditions. Under the
application of an AMF, the heat from the SPIONs is transferred to the thermosensitive
microgel, inducing microgel deswelling as the temperature exceeds the VPTT and
inducing convective drug release. The process is reversible such that when the AMF is
turned off, the microgel temperature returns to ambient body temperature and the
microgel reswells to its original state.

6.2.3 Experimental

Materials: Acetoacetoxyethyl methacrylate (AAEM, 95%), acrylamide (Am, =99%),
acrylic acid (AA, 99%), aluminum oxide (98%), ammonium hydroxide (reagent grade),
ammonium persulfate (98%), 2-2’-azobis(2-methylpropionamidine) dihydrochloride (V50,
97%), ciprofloxacin hydrochloride monohydrate (pharmaceutical secondary standard), 2-
(dimethylamino)ethyl methacrylate (DMAEMA, 98%), iron(ll) chloride tetrahydrate (98%),

iron(lll) chloride hexahydrate (97%), methylene bisacrylamide (MBA, 99%), N-isopropyl
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methacrylamide (NIPMAM, 97%), hexadecyltrimethyl ammonium bromide (CTAB,
298%), sodium fluorescein, and thiazolyl blue tetrazolium bromide (MTT, 98%) were all
purchased from Sigma Aldrich (Oakville, ON). Dimethyl sulfoxide was obtained from
Caledon Laboratory Chemicals (Georgetown, ON). 1 M HCl and 1 M NaOH was
purchased from LabChem Inc. N-isopropyl acrylamide (NIPAM, 99%) was purchased
from J&K Scientific via Cedarlane Laboratories (Burlington, ON). NIPAM and NIPMAM
monomers were further purified via recrystallization with 60:40 toluene/hexane. The
AAEM and DMAEMA monomers were purified prior to their polymerization by flowing
them through an aluminum oxide column. The 3T3 Mus musculus cell line was acquired
from ATCC: Cedarlane Laboratories (Burlington, ON). The cell proliferation media
(including Dulbecco’s modified Eagle’s medium-high glucose (DMEM), fetal bovine
serum (FBS), and penicillin streptomycin (PS)), recovery media, and trypsin-EDTA were
all obtained from Invitrogen (Burlington, ON). Deionized water (DIW) was purified using

a Barnstead Nanopure purification system and was used for all experiments.

Synthesis of cationic microgels: Cationic microgels were made via a semi-batch
precipitation polymerization process. NIPMAM (0.9178 g), Am (0.0603 g), AAEM
(0.1076 g), MBA (0.08 g), CTAB (50 mg) and DMAEMA (0.1076 g, 7.0 mol% total
monomer) were placed in a 250 mL 3-necked flask and dissolved in 145 g of DIW. The
pH of the solution was adjusted to 3.5 via the addition of a 1 M HCI. The solution was
then heated to 75°C and purged with nitrogen for 30 minutes with a condenser attached
to the flask. A solution of 0.05 g V50 in 5 g DIW was then added to initiate the
polymerization. After 30 minutes post-initiation, a syringe pump (KD Scientific Legato
200) was used to add the DMAEMA fraction at a rate of 0.076 mL/h (0.072 g/h) over 3

hours, increasing the total DMAEMA monomer concentration to 18.4 mol%. After an
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additional 30 minutes (4 hours post-initiation), the microgels were dialyzed against DIW
for six 6+ hour cycles before being centrifuged down at 26,000 rpm at 40°C with a
Beckman Coulter Allegra X-22R Centrifuge. The resulting particles were analyzed for
size and zeta potential via dynamic light scattering (DLS) using a Brookhaven 90PIlus

Particle Analyzer.

Incorporating SPIONs into the microgel matrix: On a 100 mg microgel basis, 100 mg
of microgel was dissolved in 4 mL of DIW within a 20 mL scintillation vial under magnetic
stirring. 10 wt% SPION microgels were produced via the addition of 100 yL of a 27.5
mg/mL DIW solution of iron(ll) chloride tetrahydrate and 100 pL of a 67.5 mg/mL DIW
solution of iron(lll) chloride hexahydrate. The resulting solution was magnetically stirred
and purged with nitrogen for 20 minutes before the injection of 1.5 mL ammonium
hydroxide into the vial to cause the iron salt to coprecipitate to form SPIONs. 5 wt%, 15
wit%, 20 wt%, 25 wt%, etc. SPION-microgels can be made analogously by adding 50,
150, 200, and 250 pL respectively of each iron salt solution into the vial. The mixture
was allowed to continue to stir under a nitrogen atmosphere for 30 minutes. The
resulting magnetic microgels were centrifuged down at 20,000 rpm at room temperature
for multiple cycles to separate the microgels from the solvent and unincorporated
SPIONSs, which tended to adhere to the centrifuge tube above the microgel-SPION
pellet. Transmission electron microscopy (TEM; JEOL Ltd., Japan) and
thermogravimetric analysis (TGA; Luxx Netzsch STA-409 thermogravimetric analyzer)
was used to show the incorporation of SPIONs within the microgels. The TGA involved
heating the composite microgels from room temperature to 1000°C at 5°C/min under an

argon atmosphere.
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In vitro cytotoxicity assay: The cytotoxicity associated with the nanocomposite
microgels was assessed with 3T3 Mus musculus mouse fibroblast cells. The cells were
grown with a proliferation media of 10 vol% FBS and 1 vol% PS in DMEM. The
magnetic microgels were sterilized prior to cell viability testing by exposure to UV
radiation (2 hours). Each well of a 24 well polystyrene plate was incubated with 25,000
3T3 cells in 1 mL of media (n = 4 for each microgel concentration tested) and incubated
at 37°C and 5% CO, for 24 hours. Following, the media was aspirated, 1 mL of fresh
media with various concentrations of magnetic microgels was added, and the cells were
incubated for an additional 24 hours. A negative control with no cells and a positive
control with cells not exposed to the nanocomposite microgels were included in the
study. After this 24 hour microgel exposure time, the media/microgel solution was
aspirated, and each well was rinsed with 0.5 mL of media. To assess residual cell
viability, 150 pL of a 0.4 mg/mL MTT solution was added to each well, and the cells were
incubated for 4 additional hours. 500 pL of DMSO was then added to each well to
dissolve the insoluble formazan precipitate, and each plate was placed on a shaker until
the purple formazan was completely dissolved (typically ~20 minutes). 2 x 200 pL
aliquots were removed from each well, transferred to a 96 well polystyrene plate, and
read in an absorbance reader at 540 nm (PerkinElmer Victor3 multilabel plate reader).
The percent cell viability was determined as the normalized ratio between the average
absorbance values of cells exposed to the magnetic microgels and the average
absorbance values of cells incubated only in media (positive control). Error bars

represent the standard deviation of the four replicate measurements.

Fluorescein release experiments: Fluorescein loading into the cationic SPION

microgels was performed by dispersing 100 mg of SPION microgels in 20 mL of a 10
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png/mL solution of sodium fluorescein and allowing the mixture to stir overnight. The
SPION-microgels were then centrifuged down at room temperature and 20,000 rpm, with
the supernatant subsequently removed and the non-loaded concentration of fluorescein

guantified with a fluorescence reader (Tecan Infinite M1000).

To track release of loaded fluorescein from the SPION-microgel nanocomposites, the
loaded microgels were dispersed in 1 mL of 10 mM PBS (n = 4). The suspension was
then placed in a Float-A-Lyzer dialysis system (Spectrum Labs, 3.5-5 kDa molecular
weight cut-off) and placed within a 5 mL container containing 4 mL of 20mM PBS that
acts as the drug sink. The Float-A-Lyzer was then placed within an AMF assembly that
maintains an ambient temperature of 37°C in the absence of magnetic activation (see
Figure S6.1). These Float-A-Lyzer units containing the samples were placed at roughly
equivalent positions with respect to the solenoid coils so that each sample would be
exposed to similar magnetic field strengths. For the same reasoning, as with the
previous hydrogel nanocomposite work, the material in the Float-A-Lyzers was also
centered vertically between the two coils. Regardless of their position each sample
should experience the direction of the magnetic field reversing at a rate of 200 kHz;
however, the exact magnetic strength that each sample is exposed to is unknown, so
care is taken to make sure these samples are at equivalent positions within the magnetic

field.

The samples were exposed to a constant AMF application with using a 2-coiled, 8 cm
diameter solenoid operating at 30 A and 200 kHz throughout the 6 hour release
experiment. Controls were performed using the same experimental assembly and

conditions but keeping the AMF off throughout the experiment. Every 30 minutes,
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400 pL samples were removed from the PBS sink for analysis, with 400 pL of fresh 10
mM PBS subsequently added to maintain the 4 mL total sink volume throughout the
experiment. The samples were then placed in black 96 well plates, and a fluorescent
plate reader (Tecan Infinite M1000) operating at 494 nm excitation/512 nm emission
wavelengths was used to determine the amount of fluorescein released at each time

point.

Error and statistical significance: Error bars represent the standard deviation of
repeat measurements (n = 4). A two-tailed t-test with p < 0.05 assuming unequal
variances was used to determine statistically significant differences between any pair of

samples.

6.2.4 Results

Cationic microgels were synthesized via a semi-batch coprecipitation polymerization with
PNIPMAM (the thermosensitive component), AAEM (the [-ketoester containing
monomer), and DMAEMA (the cationic component). The cationic DMAEMA-
functionalized microgel was polymerized in an acidic environment (pH = 3.5) since the
pK, of DMAEMA (8.1) decreases upon copolymerization, leading to microgel flocculation
during the synthesis procedure if the polymerization is run at pH > 6.%° The resulting
microgels possessed a size of 145 + 3 nm and an electrophoretic mobility of ~2.08 *
0.13 (ws)/(V/icm) in 10 mM KCI adjusted to pH 7 after dialysis, indicating successful
incorporation of the functional monomers. Conductometric titration indicated that the

microgels contain ~13.4 mol% of the cationic monomer component, which means that a
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good proportion of the 18.4 mol% of DMAEMA monomer that was added was eventually

incorporated into the microgels.

The microgels were concentrated post-dialysis via centrifugation at 26,000 rpm at 40°C,
a method found to minimize microgel aggregation upon redispersion at room

temperature in comparison to lyophilization, which led to aggregates upon redispersion.

The microgels were then dispersed in a solution of iron salts (Fe®*" and Fe*" in a 2:1
molar ratio) and coprecipitated to form SPIONs with ammonium hydroxide. As has been
demonstrated previously in the literature, the iron salts coordinate with the AAEM
monomer component to provide a seeding site for the growth of SPIONs upon
coprecipitation. This results in microgels that are stable in aqueous solutions with

significant iron content.>®*’

These particles can be centrifuged down at room
temperature and 20,000 rpm, simultaneously facilitating separation of the SPION-
microgels from both the solvent and unincorporated SPIONs that are not stabilized in
any way during this synthetic protocol and thus adhere to the polycarbonate centrifuge
tube above the microgel-SPION pellet. The resulting SPION-microgel pellet could easily
be dispersed in aqueous solvents. Notably, these materials can also be separated

magnetically if desired (Figure 6.2a), with facile redispersion observed following removal

of the magnet.
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Figure 6.2: a) Magnetic separation of a concentrated solution (10 wt% magnetic
microgel with respect to water) of PNIPMAM-AAEM-DMAEMA microgels with 15 wt%
SPION content. b) Magnetic PNIPMAM-AAEM-DMAEMA microgels with 0, 5, 15, and 25
wt% SPION content.

Pictures of cationic microgels with SPION contents of up to 25 wt% with respect to the
microgel content (in DIW) are shown in Figure 6.2b. Cationic SPION-microgels
remained colloidally stable in DIW for a few days, but even upon settling were easily
redispersable by simple shaking. TGA analysis revealed that the SPION content of the
purified cationic magnetic microgels is ~31 wt%, slightly higher than the targeted 25 wt%
SPION content (Figure S6.2). This is likely due to microgels with lesser SPION contents
being separated from denser microgels containing higher SPION contents during the

centrifugation/purification process.

Table 6.1 presents the size, polydispersity index (PDI), and thermoresponsiveness in the
temperature range of interest (37°C to 43°C) of cationic SPION-microgels with up to
25% SPION content. Interestingly, blank microgels prepared without SPIONs aggregate
at higher temperatures while all SPION-containing microgels remain colloidally stable,
indicative of the relative hydrophobicity of the DMAEMA monomer used for drug
complexation. Both the size and polydispersity increase with the SPION content in the

microgel, indicating that the SPION seeding process can also lead to limited microgel

205



Ph.D Thesis - Scott Campbell McMaster University — Chemical Engineering

aggregation; such aggregation may occur via SPIONs bridging adjacent AAEM-
functionalized microgels and/or hydrogen bonding between neutralized tertiary amine
groups at the high pH used for SPION precipitation. However, the number of SPIONs
bound to each microgel is not explicitly controlled in the fabrication process and may
also promote differential swelling between different microgel sub-populations. However,
unimodal particle size distributions were still observed for all SPION-containing
microgels, both below and above the microgel VPTT. Similar results in terms of
increasing size and polydispersity with increasing SPION content were observed for
microgels also prepared with the AAEM comonomer but without any cationic
comonomer, for which both colloidal stability and thermoresponsivity were maintained
even at very high (in that case up to 50 wt%) SPION loadings (see Supporting

Information, Figure S6.3).

Table 6.1: DLS particle sizes of PNIPMAM-AAEM-DMEAMA microgels with varying
SPION contents (0 — 25 wt%) at various temperatures in 10 mM PBS, pH 7.4. The
percent volume change between 37°C and 43°C (in the relevant physiological
temperature range for thermally-induced triggered release) is also shown. The diameter
of the microgels is the number outside the brackets (in nm) and the number within the
brackets is the polydispersity (unitless). agg = aggregated under the condition noted.

0 wt% 5 wt% 15 wt% 25 wt%

25°C 145+21 | 165 +36 204 + 52 255 + 61
(0.08) (0.19) (0.26) (0.23)

37°C 110 + 13 139 + 28 192 + 53 218 + 48
(0.06) (0.16) (0.30) (0.20)

43°C R 109 + 23 151 + 42 193 + 51
99 (0.18) (0.31) (0.28)

% Volume 52 + 19 51 + 26 31+23

Change
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The thermosensitivity is relatively independent of SPION content until >15 wt% SPIONs
are incorporated into the microgels, at which point it appears that the SPION fraction
begins to suppress the temperature responsiveness of the microgels. While we have
found that such suppression of thermoresponsivity is common as non-thermoresponsive
components are introduced into a temperature-responsive hydrogel and interfere with
the cooperative nature of the volume phase transition,® this difference is not statistically
significant due, primarily, to the high PDIs associated with the diameters used to

determine the volume change.

A TEM image of the 15 wt% SPION microgels (dried on a copper grid) prior to
centrifugation is shown in Figure 6.3 and supports both possible mechanisms of particle
size and polydispersity increases. Although drying results in significantly lower particle
sizes than in the (swollen) DLS measurements, the TEM image shows that most of the
microgels contain SPIONs but the number of SPIONs per particle varies significantly
(consistent with the PDI increase observed). Furthermore, particles with higher SPION
contents seem to have agglomerated together; while drying artefacts cannot be fully
discounted as a potential reason for such a morphology, the independence of the
majority of the microgels observed suggest that higher SPION contents can drive
microgel aggregation as speculated. Note also that while some smaller, electron-dense
particles are also visible that are not directly associated with microgels (likely SPIONs or
SPION clusters that have not been incorporated into the microgels), on the whole a large

proportion of SPIONSs are incorporated within the particles.
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Figure 6.3: TEM image of 15 wit% SPION-containing PNIPMAM-AAEM-DMEAMA
microgels (120,000x magnification).

Based on these results, cationic microgels with 15 wt% SPIONs are used in the
remainder of this work as such microgels have a substantially high SPION content,
remain stable in aqueous suspension over extended periods, and exhibit a large volume
change in the 37°C to 43°C temperature range. These magnetic microgels also have an
electrophoretic mobility value of ~1.76 + 0.28 (u/s)/(V/cm), similar to that of the cationic

microgels prior to SPION incorporation.

The magnetization properties of the 15% SPION-microgels were assessed with
Superconducting Quantum Interference Device (SQUID, Quantum Design MPMS
SQUID Magnetometer) measurements (Figure 6.4a). While SPION-microgels have a
reduced magnetic saturation when compared to SPIONs alone (as expected since the
microgel content lowers the effective SPION concentration), the microgels still exhibit
low coercivity and overall superparamagnetic characteristics. As a result, these particles
can effectively increase the temperature of their aqueous suspension solution by over

5°C under the application of an AMF with a 2-coiled, 8 cm diameter solenoid at 30 A and
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200 kHz for 10 minutes (Figure 6.4b), providing an ideal temperature gradient for

inducing physiologically-relevant switchable drug release.
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Figure 6.4: a) SQUID results for SPIONs alone (black line) and 15 wt% SPION cationic
magnetic microgels (red line), with both displaying superparamagnetic characteristics. b)
Heating profile of magnetic microgel suspensions (15 wt%) exposed to an AMF
operating at 30 A and 200 kHz (2-coiled 8 cm solenoid).

The in vitro cytotoxicity of the 15 wt% SPION microgels was screened with an MTT
assay using 3T3 mouse fibroblasts. Figure 6.5 indicates that the microgels exhibit
negligible cytotoxicities, with all viabilities statistically 280% (noted to represent a non-
toxicity threshold in prior studies).”® Coupling this result with the ideal size of the SPION-
microgels (Table 6.1) in terms of avoiding the reticuloendothelial system (RES) and
extending the half-life of particles in systemic circulation (~10 — 200 nm),* these
particles may be useful in vivo as components that can facilitate long-term circulation for

localized or systemically activated drug delivery.
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Relative viability of mouse fibroblast (3T3) cells
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Figure 6.5: Relative 3T3 mouse fibroblast cell viability (in comparison to cell-only
controls) for a range of concentrations of cationic 15 wt% SPION-microgels.

While triggered release from microgels has been demonstrated with near-IR sources, it
has, to the best of our knowledge, yet to be performed via the use of magnetic fields.
Our primary goal associated with this work was to assess the potential for magnetic-
triggered drug release using our cationic 15 wt% SPION-microgels by releasing a model
anionic therapeutic, chosen herein to be sodium fluorescein. Fluorescein is a relatively
small (MW ~332 g/mol), hydrophilic, and anionic model compound for which release can
be easily quantified (via fluorescence); however, triggered release of other small
molecule anionic water-soluble compounds is anticipated based on these model results.
The amount of fluorescein loaded was determined from the concentration of the
supernatant following drug loading and isolation of the microgels via centrifugation and
was determined as 0.18 + 0.02 g/g sodium fluorescein with respect to microgel mass,
corresponding to 116 + 10% of the charged groups per microgel being bound with drug.
This overestimate can likely be attributed to non-specific absorption of the drug into the
microgels.
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Release experiments were performed immediately upon redispersion of the fluorescein-
loaded microgels with and without presence of an AMF to demonstrate the potential for
magnetic field-enhanced drug delivery (Figure 6.6). The presence of an AMF
significantly enhanced the rate of release of fluorescein throughout the course of the
experiment, with the exception of the first half-hour time point in which burst release of
non-bound (absorbed) fluorescein is likely occurring rapidly in both the triggered and
non-triggered systems. The difference in the release between the two remained fairly
constant throughout the experiment time, with 4.6 + 0.3 times more fluorescein release
observed from the sample triggered with the AMF versus the sample where no AMF was
applied. This result indicates that these magnetic microgel nanoconstructs may have

the potential for remotely activated triggered release in applied scenarios.

Note that only 3.8 + 1.3% of the loaded drug was released through the membrane into
the 10 mM PBS sink solution even in the presence of AMF after 6 hours. This is much
lower than what would be expected for the release of the small, hydrophilic fluorescein
compound from microgels, likely attributable to partial inhibition of the transport of
fluorescein into the sink solution by the membrane. Even so, the fluorescence in the
solution inside the membrane was stronger in the sample exposed to the AMF than the
one that was not, and based on membrane partitioning higher concentrations of
fluorescein in the sink solution would necessarily correspond to higher free fluorescein
concentrations inside the membrane; as such, it is clear that magnetically-responsive

fluorescein release occurs in these microgels.
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Figure 6.6: The release of fluorescein normalized against the initial weight of cationic 15
wt% SPION microgels in each sample over 6 hours with the AMF applied to the
magnetic microgels throughout the course of the experiment (black points) or no AMF
applied (red points). * indicates statistically significant differences in the cumulative
release between the two incubation temperatures at a given time point (p < 0.05).

The AMF-controlled release from SPION-microgel hanocomposites shown in Figure 6.6
represents the first demonstration of such release in microgels controlled by a magnetic
field, opening the door for using SPION-microgels for simultaneous targeting and
controlled release applications. Alternately, these particles could be incorporated into
injectable hydrogels to perform an analogous triggered-release function at a specific
location in the body, providing potentially faster and higher-resolution on-off release
relative to current physical mixtures of SPIONs and microgels within such constructs due

to the explicit localization of the heating within the thermoresponsive microgel phase.®*3®
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6.2.5 Conclusions

SPION-loaded microgels prepared with comonomers specifically to immobilize iron salts
for efficient SPION loading as well as cationic comonomers that facilitate higher loadings
of anionic model drugs can facilitate triggered release in the presence of an alternating
magnetic field. Indeed, these materials experienced nearly 4 times more fluorescein
release with an AMF application compared to controls. The SPION-loaded microgels are
furthermore easy to fabricate, can contain large proportions of SPIONs while maintaining
stability in aqueous solutions, retain desirable superparamagnetic characteristics, are
non-cytotoxic. As such, these materials have significant potential to improve our
capacity for remote regulation of drug release that is more adaptive to changing
physiological circumstances and patient needs, critical for improving the efficacies of a

wide range of therapies.
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6.2.8 Supporting Information

Figure S6.1: Photos of experimental AMF-activation assembly (left), with a close-up
view of the Float-A-Lyzer devices in the jacked flask within the device (right). The size of
jacketed flask limited the number of Float-A-Lyzer membrane devices that could be used
in a single experiment to three, so two separate experiments with two samples each had
to be performed to achieve n = 4 replicates.
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Figure S6.2: Thermal gravimetric analysis of cationic magnetic microgels designed to
have 25 wt% SPION content. This result indicates that the microgels are ~31 wt%
SPION content, slightly higher than expected.
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Figure S6.3: (a) Effect of SPION content on the diameter of neutral microgels (prepared
without any ionic monomer component). These microgels could remain stable with up to
50 wt% SPION content (with respect to the microgel content), but the duration stability
becomes more limited above 30 wt%. (b) Effect of temperature on the diameter of 50
wt% SPION nanocomposite microgels showing maintenance of thermoresponsive
behaviour even at the highest SPION content tested.
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Chapter 7: Tg nanocomposites

7.1 Preface

A Tg-controlled release mechanism was investigated to see if we could further improve
the ratio of release between the on- and off-states of AMF application. Previously
demonstrated T4 systems had not been demonstrated on the nanoscale, so p(MMA-co-
BMA) latexes were fabricated using miniemulsification for the purpose of AMF-triggered
drug release. The latex particles were entrapped, along with SPIONs, within our MITCH-
type hydrazone-crosslinked hydrogel systems and the resulting systems were shown to
exhibit enhanced release in response to both constant and pulsed AMF applications
compared to controls. However, the ratio of release rates between the on- and off-state
was less than expected, at ~2:1. Nonetheless, this is still the first example of nanoscale

latex particles being used for T4-mediated release.

7.2 Latex nanoparticles for AMF-mediated remote controlled release: Using the
glass transition temperature to regulate the release of hydrophobic drugs

Scott Campbell, Angus Lam, Jared Gour, Niels Smeets, and Todd Hoare* [Manuscript in

preparation]

7.2.1 Abstract

Remote controlled release has significant potential in a wide range of treatments that
could benefit from complex therapeutic release profiles but is hindered by the low

resolution between the on- and off-states of drug release and/or the need for surgical
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implantation of larger controlled release devices. Herein, we describe a method based
on a combination of injectable hydrogels, superparamagnetic iron oxide nanoparticles
(SPIONs) that heat using an alternating magnetic field (AMF), and polymeric
nanoparticles with a glass transition temperature (Ty) just above physiological
temperature that addresses these challenges. Miniemulsion polymerization was used to
fabricate p(MMA-co-BMA) nanoparticles with a specific T4 (~40°C) that also incorporates
model hydrophobic drug in a simple, industrially utilized process. These latex
nanoparticles, along with SPIONs, were then entrapped in an injectable hydrogel matrix
that could be injected to a target site. Application of AMF causes the SPIONs to
generate heat that is then transferred to the p(MMA-co-BMA) nanopatrticles, increasing
their temperature above their T4 and thus inducing faster release of the model drug due
its markedly enhanced diffusivity through the nanoparticle at T > T,. Temperature-based
drug release experiments indicated a 2.5-6:1 rhodamine release ratio between on- and
off-states when the nanocomposites were maintained at 45°C and 37°C, respectively;
release was similarly enhanced by exposing the magnetic nanocomposite latex
nanoparticle-laden microgels to an AMF. Coupled with the apparent cytocompatibility of
all the nanocomposite components, these injectable materials appear to be promising
systems as minimally-invasive but remotely-actuated release systems that could prove

capable of complex release kinetics with high on-off resolutions.

Keywords: methyl methacrylate, latex, iron oxide nanoparticles, glass transition

temperature, on-demand, drug delivery, controlled release, injectable.
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7.2.2 Introduction

Nearly all treatments that would benefit from active release kinetics, such as insulin

3 chronic pain treatments,*®> endocrine disorders,® and several cancer

delivery,*
treatments,®’ are currently treated with passive release systems. Even the vast majority
of controlled release systems being researched and developed attempt to prolong the
duration of passive release of therapeutics rather than controlling their release kinetics
on-demand.®  Thus, substantial research and market opportunities exist in the
development of drug release systems that are capable of remote-controlled, on-demand,
triggered release. Such release systems would be highly adaptable to changing
physiological circumstances or patient needs, unlike passive release systems that are

beyond the control of health professionals and/or the patient once they are

implanted/injected into the body.?®

Research in remote controlled delivery devices has recently intensified, with various
systems such as liposomes™, nanoparticles**?, hydrogels®, and microchips™ all having
their dosage and timing of drug release remotely triggered via external stimuli such as
ultrasound, light, and electromagnetic fields.**® These advances take promising new
steps towards the commercialization of remote controlled release that can achieve
complex release kinetics. However, these systems are not without their disadvantages;
indeed, the all of these triggerable systems only can be remotely triggered for release a
single time, or lack reproducibility between multiple release cycles, have an inadequate
ratio between on- and off-state release kinetics, and/or must be surgically implanted for

effective use.®
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Many of these remotely triggerable systems operate via combining nanoparticles that
can be heated by a remote external stimulus to generate heat with thermosensitive lipids
that can be melted upon heating or polymers that possess a lower critical solution
temperature (LCST) or, for gel-based systems, a volume phase transition temperature
(VPTT)."*  When such nanocomposite systems are remotely heated, the
solubility/insolubility or swelling/deswelling transitions induced in the polymer phase can
be used to actuate drug release. While these systems can theoretically be triggered
over multiple release cycles, reproducibility and achieving useful ratios between the on-
and off-state release kinetics (enabling both low off state leakage and high on state

doses) remain difficult to achieve.***®

Hydrogel- and microgel-based systems also
inherently have a high basal release rate in the off-state due to their highly hydrated
natures that intrinsically makes achieving a high on-/off-state release ratio challenging,
although this same property makes hydrogels highly attractive for in vivo applications in

terms of their generally good tissue compatibility and physiochemical similarity to soft

tissues.’

An alternative approach to designing such materials is to utilize thermosensitive
polymers with a glass transition temperature (T,) instead of an LCST or VPTT. While
this area of drug delivery research remains relatively unexplored, Rovers et al. have
reported on macroscale drug delivery devices capable of delivering therapeutic agents
remotely using an alternating magnetic field (AMF) by combining a magnetic core
comprised of superparamagnetic iron oxide nanoparticles (SPIONs), which generate
heat in response to AMFs, surrounded by a poly(methyl methacrylate) (MMA)-co-(butyl
methacrylate) (BMA) shell with a T4 that is slightly higher than physiological

8

temperatures.*'® The benefit of this approach is the release associated with such
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systems when in the glassy state (below the T,) is significantly lower than that achieved
in a gel-based system. When the temperature exceeds the T, the diffusivity coefficient
increases by 1-2 orders of magnitude, resulting in an excellent differential in the release
rate between the on- and off-state (of the AMF in this case).’® This release mechanism
both minimizes unwanted drug release (key in particular for delivering drugs with
significant side-effects or with biological tolerance issues) as well as increases the
duration over which this controlled release system could be used, as the diffusion-based
baseline release would be fairly minimal in many cases. Tuning the T, of a polymer via
copolymerization is also a relatively simple process that is well established for multiple

copolymers.*

While these devices are very promising, smaller injectable materials that could be
injected and targeted to specific sites to remotely release therapeutics via this T4-based
mechanism could prove more advantageous. To this end, we have developed p(MMA-
co-BMA) nanoparticles with a T, of ~40°C, fabricated by miniemulsion polymerization for
the purpose of Tg-enhanced drug delivery with magnetic particles and latex
nanoparticles within a hydrogel scaffold. Miniemulsion polymerization involves stable
nanodroplets of monomer dispersed in a continuous phase.'*** During polymerization,
each droplet acts as its own individual bioreactor, allowing for the direct incorporation of
various moieties in the resulting latex nanoparticles.®* The miniemulsification method
of fabricating such particles is versatile, allowing for the incorporation of SPIONs and/or
hydrophobic drug directly in the polymerization process; however, this method does
require the drugs to be heat stable and would not be effective with hydrophilic
therapeutics.”* The ability to incorporate hydrophobic drugs is of particular interest, as

many chemotherapeutics are rather hydrophobic in nature, and several chemotherapies
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have also shown improved efficacy in response to the periodic delivery of therapeutics

that can be achieved with remote delivery (i.e. chronopharmaceutical drug delivery).®’

Herein, we demonstrate effective AMF-mediated on-demand release triggered by T
transitions in an injectable nanocompaosite drug delivery system. Rhodamine B, a model
small molecule hydrophobic drug, was encapsulated in p(MMA-co-BMA) nanopatrticles
that are subsequently physically entrapped together with SPIONs inside an injectable
hydrogel. This approach allows for a well-defined amount of both SPIONs and p(MMA-
co-BMA) latex particles to be incorporated within the hydrogel matrix, facilitating more
well-defined and direct control over local heating, drug loading, and release kinetics
once these materials are injected into a specific area of interest. The injectable
hydrogels, previously developed in our lab, and are mixing-induced two component
hydrogels (MITCH) involving hydrazide-functionalized carboxymethyl cellulose (CMC)
and aldehyde-functionalized dextran that rapidly condense to form hydrolytically-

degradable hydrazone crosslinks (Figure 7.1).%22

If the latex nanoparticles are
designed with a T, of ~40°C, applying the AMF will cause the SPIONs to generate heat
within the hydrogel that will be transferred to the nanoparticles to trigger a glass
transition. The transition from a glassy to an amorphous state results significantly faster
diffusion of rhodamine B from the nanoparticles and out of the nanocomposite (Figure
7.1). When the AMF is removed, the material cools down to ambient temperature and
the nanoparticles will return to their glassy, low-diffusion state. All the injectable
hydrogel components and SPIONs have been shown to display little to no cytotoxicity®*

while pMMA and pBMA are both well-established biomaterials, suggesting the potential

translatability of this approach to the clinic.
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Figure 7.1. Development of hydrogel nanocomposites with embedded rhodamine B-
loaded T, p(MMA-co-BMA) latex nanoparticles and SPIONs. PBS suspensions of CMC-
hydrazide in one barrel, dextran-aldehyde in the other barrel, and the rhodamine B-
loaded T4 p(MMA-co-BMA) nanoparticles and SPIONs loaded with their desired final
concentrations in both barrels are extruded through a double-barrel syringe. The
material rapidly gels upon injection, and little release is observed at 37°C when the AMF
is not applied. Upon AMF application, the SPIONs produce heat that raises the
temperature of the nanoparticles above their T4 to significantly enhance the diffusion and
release of rhodamine B from the nanoparticles and thus the hydrogel composite.

7.2.3 Experimental

Materials: Aluminum oxide (98%), ammonium hydroxide (reagent grade), ammonium
persulfate (98%), benzoyl peroxide (BPO, 298%), benzyl ether (98%), butyl methacrylate
(BMA, 99%), dimethyl sulfoxide (DMSO, reagent grade), hexadecane (99%), 1-
hexadecanol (99%), iron(ll) chloride tetrahydrate (98%), iron(lll) acetylacetonate (97%),
iron(lll) chloride hexahydrate (97%), methylene bisacrylamide (MBA, 99%), methyl
methacrylate (MMA, 99%), N-hydroxysuccinimide (NHS, 97%), oleic acid (90%),
oleylamine (70%), poly(ethylene glycol) (PEG, MW: 8 kDa), rhodamine B (295%),

sodium carboxymethyl cellulose (CMC, MW 250,000), sodium dodecyl sulfate (SDS,
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=299%), sodium periodate (>99.8%), and thiazolyl blue tetrazolium bromide (MTT, 98%)
were all purchased from Sigma Aldrich (Oakville, ON). 1 M HCI and 1 M NaOH was
purchased from LabChem Inc. Adipic acid dihydrazide (ADH, 97%) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC, 98%) were purchased
from Cedarlane Laboratories (Burlington, ON). The BMA and MMA monomers were
purified with aluminum oxide. The 3T3 Mus musculus cell line was acquired from ATCC:
Cedarlane Laboratories (Burlington, ON). The cell proliferation media, which included
Dulbecco’s modified Eagle’s medium-high glucose (DMEM), fetal bovine serum (FBS),
and penicillin streptomycin (PS), recovery media, and trypsin-EDTA, were all obtained
from Invitrogen (Burlington, ON). All deionized water (DIW) was obtained following

purification using a Barnstead Nanopure purification system.

Miniemulsion polymerization of p(MMA-co-BMA) latex nanoparticles: An emulsion
was first made by mixing 2.01 g BMA, 1.74 g MMA, 0.30 g hexadecane, 0.23 g BPO,
and 40 mg rhodamine B with a solution of 0.045 g SDS dissolved in 22.72 g of DIW.
The chosen BMA:MMA ratio was shown to result in a latex T4 of ~39°C. This emulsion
was mixed in a 100 mL beaker for 15 minutes under 500 rpm magnetic mixing. The
emulsion was then placed in an ice bath, and a Misonix Ultrasound Liquid Processor
sonicator (Model S-4000) was used to apply ~8 kJ of energy (80% amplitude) to the
emulsion for 2 minutes using a QSonica CL5 probe. The resulting emulsion was taken
up in a syringe and injected into a three-necked 100 mL round bottom flask that was
preheated to 80°C in a nitrogen atmosphere with an attached condenser. A rotor-stator
setup (with a VWR VOS 16 rotor) was also mounted in the flask to vigorously stir the
miniemulsion as it was allowed to polymerize over the next 4 hours. After the

polymerization was complete, the suspension was purified by centrifuging the particles
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at 26,000 rpm at 4°C with a Beckman Coulter Allegra X-22R centrifuge over 4 cycles of
centrifugation/redispersion in 10 mm PBS, using an ultrasonic cleaner to assist with re-
suspension in each cycle. The size and polydispersity of the resulting particles were via

dynamic light scattering (DLS) with a Brookhaven 90Plus Particle Analyzer.

Synthesis of oleic acid stabilized iron nanoparticles: Hydrophobic oleic acid-
stabilized SPIONs were prepared based on procedures described by Sun.?>?® Briefly,
15 nm particles were made by mixing Fe(acac)s (2 mmol), 1-hexadecanol (10 mmaol),
oleic acid (6 mmol), and oleylamine (6 mmol) with 10 mL of benzyl ether under nitrogen.
Using a heating mantle, the mixture was heated to 200°C for 2 hours and then further
heated to reflux (~300°C) for 1 more hour. The mixture was allowed to cool to room
temperature, and the particles were precipitated with ~40 mL ethanol. The precipitate
was collected via centrifugation at 10,000 rpm for 10 minutes with a Beckman Coulter
Allegra X-22R centrifuge and subsequently redispersed in 20 mL hexane together with
~0.05 mL of each oleic acid and oleylamine. The material was again precipitated in
ethanol and centrifuged in the same manner. The resulting SPIONs (7.2 = 1.1 nm in
size) were dispersed in BMA/MMA at 2 wt% relative to the total monomer mass, and
magnetic latex nanoparticles were synthesized using the same miniemulsion protocol

outlined above.

Synthesis of PEG-coated SPIONs: Hydrophilic SPIONs to be entrapped in the matrix
of the nanocomposite were prepared via coprecipitation in a similar manner to Hoare et
al.?” Briefly, 3.04 g of iron (lll) chloride hexahydrate and 1.98 g of iron (Il) chloride
tetrahydrate were dissolved in 12.5 g of DIW and stirred at 300 rpm under nitrogen. The

iron salts were precipitated by adding 6.5 mL of ammonium hydroxide dropwise and
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increasing the stirring speed, if the mixture ceased to spin. The mixture was then stirred
for 10 minutes, after which 1 g of 8 kDa PEG dissolved in 5 mL DIW was added to the
suspension. The mixture was then heated to 80°C for 2 hours to peptize the PEG to the
SPION surface. The resulting material was separated with a permanent magnet and
redispersed in 10 mM PBS over 4-6 cycles to purify the PEG-functionalized SPIONSs.
The final concentration was diluted to 5 wt% SPIONs. Transmission electron
microscopy (TEM, JEOL Ltd., Japan) indicated that the PEG-SPIONs formed clusters of

sizes between 30 and 200 nm, with individual particle diameters of 14 £ 5 nm.

Synthesis of hydrazide-functionalized CMC: In an analogous procedure to
Sivakumaran et al.,”® 1.00 g of CMC was dissolved in 200 mL of DIW in a 500 mL round
bottom flask with magnetic stirring. 3.0 g of ADH was then added to the flask and
allowed to dissolve, resulting in the solution of pH ~7. Subsequently, 0.07 g of NHS was
dissolved in 4 mL of a 1:1 mixture of DMSO/DIW and added dropwise to the flask. 0.3 g
of EDC was then dissolved in 1 mL of a 1:1 DMSO/DIW mixture and added to the
mixture. The pH of the reaction was then maintained at 6.8 over the next 2 hours by
dropwise addition of 0.1 M HCI/NaOH as required. The resulting aldehyde-
functionalized CMC polymer was then dialyzed for six 6+ hour dialysis cycles before
being lyophilized for storage. Base-into-acid conductometric titration (ManTech Inc.)
comparing the number of moles of —-COOH present in unmodified CMC to that present in
the hydrazide-functionalized CMC (assuming that grafting of one hydrazide group
consumes one carboxylic acid group) revealed that 43.9% of the —.COOH groups in CMC

were converted to hydrazide groups.
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Synthesis of aldehyde-functionalized dextran: Following a protocol described by
Patenaude and Hoare,** 1.50 g of dextran (MW: 500,000 Da) was dissolved in 150 mL of
DIW in a 500 mL round bottom flask. 0.8 g of sodium periodate (dissolved in 5mL of
DIW) was added to this solution dropwise under magnetic stirring, and the solution was
left to stir for 2 hours. At this point, 0.4 mL of ethylene glycol was added to the solution
and stirred for one more hour to consume residual oxidation agent. The product was
dialyzed over six 6+ hour cycles against DIW before being lyophilized for storage. The
aldehyde content of periodate-oxidized dextran was determined by using silver(l) oxide
to selectively oxidize the polysaccharide-bound aldehyde groups to carboxylic acid
groups and quantifying the acid groups using conductometric titration.>?® Here, 0.0002
mmol of oxidized dextran was dissolved in 10 mL of DIW with 6.2 mmol NaOH. Once
the dextran was completely dissolved, 1.6 mmol of silver (I) oxide was added to the
solution and the mixture was stirred overnight. 5 mL of reaction solution was then
diluted with 45 mL of DIW and was titrated with 0.1M NaOH. Based on this assay,
17.4% of dextran residues underwent oxidative cleavage, resulting in ~2400 aldehyde

groups per chain of 500 kDa oxidized dextran.

Nanocomposite fabrication: The use of a double barrel syringe to generate the
nanocomposites is shown in Figure 7.1. Each barrel contains 5 wt% SPIONs (as we
have previously shown that this concentration is sufficient for maintaining
superparamagnetic properties within the composites and for their controlled heating via
AMF)®, 10 wt% rhodamine-loaded p(MMA-co-BMA) nanoparticles, and 4 wt% of either
hydrazide-functionalized CMC or aldehyde-functionalized dextran (all weight
percentages are with respect to the 10 mM PBS solvent). Precursor suspensions are

prepared by diluting the SPION suspension to 5 wt% and dispersing the appropriate
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weight of centrifuged nanoparticles into the SPION suspension using a sonication
cleaner. The resulting mixed suspension was then split into two, with the CMC-
hydrazide added to one suspension and dextran-aldehyde added to the other
suspension; both were allowed to dissolve overnight and then loaded into opposite
barrels of the double barrel syringe. Co-extrusion of the suspensions through a static
mixer into cylindrical silicone moulds (diameter 3/8" and height 1/ 8") facilitates mixing of
the reactive hydrogel precursors, followed by gelation over 15 minutes to form magnetic

hydrogel nanocomposites with embedded p(MMA-co-BMA) nanoparticles.

Thermally-triggered drug release: Thermally-initiated drug release experiments were
conducted by placing the nanocomposite disks (n = 4, 6.3 mm diameter x 3.2 mm
height) in cell culture inserts (2.5 cm, 8 um pore size) within the wells of a 12 well plate,
submerged in 4 mL of 10 mM PBS per well. One set of samples was incubated at 37°C
and another at 45°C in separate incubating orbital shakers (VWR Model 3500I). At
predetermined time intervals over 6 days, 500 uL of the PBS was removed from each
well and replaced with fresh 10 mM PBS. 2 x 200 pL aliquots of each release sample
were transferred into a black-backed 96 well plate, with the quantity of rhodamine B in
the sample determined with a fluorescent plate reader (Tecan Infinite M1000, 540 nm

excitation/625 nm emission wavelengths).

AMF-triggered drug release: Drug release experiments using both a pulsed and
constant application of an AMF were performed analogously to methods described by

Maitland et al.*

Briefly, rhodamine B-loaded nanocomposite disks (n = 4, 6.3 mm
diameter x 3.2 mm height) were placed in test tube vials with prefabricated holders that

hold the nanocomposite disks the center of the 10 mM PBS solution when 4 mL of this
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PBS solution are placed in a given test tube. The test tubes themselves are positioned
within a jacketed flask at equivalent positions within an alternating magnetic field
generated using a Superior Induction induction heater (HF-series, Model SI-7TKWHF)
fitted with a 2-coiled, 8 cm diameter solenoid (Figure S7.1). A water bath was attached
to the jacketed flask to maintain a constant temperature of 37°C in the nanocomposites
in the absence of AMF. When desired, the AMF device was operated at 200 kHz, 30 A,
and 1.3 kW to expose the nanocomposites to short AMF pulses or a constant exposure
to the AMF. Each test tube was filled with 4 mL of 10 mM PBS to fully immerse the
nanocomposite disks, with 0.5 mL samples collected from each test tube at 15 minute
time intervals over a time period of 6 hours and immediately replaced with 0.5 mL of
fresh pre-heated 10 mM PBS. For pulsed release experiments, a 30 minute pulse of
AMF was applied 1, 3, and 5 hours into the experiment. For continuous activated
release experiments, nanocomposite disks were loaded in the same AMF setup as the
pulsed experiments but the AMF was applied throughout the 6 h duration of the
experiment. A set of control gels (not exposed to AMF) was kept in identical test tubes
in an incubator at 37°C, with drug release kinetics assessed by sampling at the same
volumes and time intervals as used for the AMF experiment. In each experiment, 2 x
200 pL from each sample was placed in black 96-well plates and the amount of
rhodamine B in each sample was analyzed using a fluorescent plate reader (Tecan

Infinite M1000, 540 nm excitation/625 nm emission wavelength).

In vitro cytotoxicity assay: The cytotoxicities of the p(MMA-co-BMA) nanoparticles
were assayed with 3T3 Mus musculus mouse fibroblast cells. A proliferation media of 10
vol% FBS and 1 vol% PS in DMEM was used to grow the 3T3 cells. All materials were

sterilized prior to cell viability testing by exposure to UV radiation (2 hours) or (when
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possible) filtration through 0.45 um filters. Each well of a 24-well polystyrene plate (n = 4
for each latex concentration/hydrogel tested) was incubated with 25,000 3T3 cells with 1
mL of media at 37°C and 5% CO, for 24 hours. The media was then aspirated, and 1
mL of fresh media with the appropriate concentrations of magnetic microgels was added.
A negative control (no cells) and a positive control (cells not exposed to any synthetic
materials) were included in the study. After 24 hours of incubation, the media and
microgel solution was aspirated and each well was rinsed with 0.5 mL of media. 150 mL
of a 0.4 mg/mL MTT solution was then added to each well, and the cells were incubated
for 4 additional hours. Following, the MTT solution was aspirated and 500 yL of DMSO
was added to each well to dissolve the insoluble formazan precipitate; each plate was
placed on a shaker until the formazan was completely dissolved (typically ~20 minutes).
2 x 200 pL were sampled from each well, transferred to a 96 well polystyrene plate, and
read in an absorbance reader at 540 nm (PerkinElmer Victor3 multilabel plate reader).
The percent cell viability was determined as the ratio the average absorbance values of
cells exposed to the p(MMA-co-BMA) nanoparticles and the average absorbance values

of the positive control (cells incubated only in media, with no synthetic materials).

Error and statistical significance: Error bars represent the standard deviation of a
given measurement based on multiple samples (n = 4). A two-tailed t-test with p < 0.05
assuming unequal variances was used to detect statistically significant differences

between any given pair of samples.
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7.2.4 Results

Multiple miniemulsion polymerization experiments in which the BMA:MMA monomer
ratio was adjusted were first performed to identify the BMA:MMA ratio that yielded a T,
within the range of interest (38-42°C). This temperature range was chosen because it is
above normal physiological temperatures (i.e. release would remain slow in the “off”,
non-triggered state) but below temperatures that could harm healthy local tissues under

moderate exposure times (>45°C).*

A T, of ~39°C was achieved with a 0.81:1 molar ratio of BMA:MMA, resulting in
monodisperse and stable polymer particles with a hydrodynamic diameter of ~97 £ 1 nm

in size with a polydispersity of 0.054, and were quite stable in suspension.

Magnetic drug-loaded nanoparticles were subsequently prepared by adding oleic acid-
functionalized SPIONs and/or the rhodamine B model drug to the same 0.81:1
BMA:MMA miniemulsion recipe. DSC results of the p(MMA-co-BMA) nanocomposites
and rhodamine incorporated into the structure indicated that the nanocomposites

maintain a glass transition temperature of ~39°C (Figure 7.2).
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Figure 7.2: DSC of p(MMA-co-BMA) nanocomposites with 1 wt% rhodamine B content
(with respect to the initial monomer content). (inset) Suspension of rhodamine B-loaded
p(MMA-co-BMA) nanopatrticles.

Analogously, magnetic nanoparticles fabricated by incorporating hydrophobic, oleic-acid
stabilized SPIONSs into the pre-polymerization emulsion resulted in slightly larger size
(~161 nm diameter) and higher polydispersity (0.125) nanoparticles but still maintained a
T, of ~39°C. Based on these results, the Tq is not significantly affected when additional
components that do not specifically interact with the polymer structure/function are
added to the miniemulsion polymerization, confirming the versatility of this approach to
facilely incorporate multiple hydrophobic moieties into the particles. Here, each
miniemulsion droplet acts as its own batch reactor, allowing multiple hydrophobic
moieties incorporated into the hydrophobic droplet prior to polymerization will be

incorporated into polymer nanoparticles upon polymerization of the droplet.

TGA indicated that ~15 wit% of SPIONs were incorporated into a latex nanoparticle
formed from a prepolymerization emulsion containing 20 wt% SPIONs (Figure S7.2).

This slightly less than stoichiometric incorporation can be attributed to some aggregation
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of the SPIONSs that is observed upon sonication. Indeed, TEM images indicate that
SPIONs appeared to be clustered in a small section of each particle rather than
dispersed throughout it, although the number of SPIONs per particle was relatively
consistent (2-4 particles/particle as shown in Figure S7.2). Superconducting quantum
interference device (SQUID) measurements indicated that the magnetic nanoparticles
possessed superparamagnetic characteristics, with the magnetic saturation much lower
than the hydrophobic SPIONs alone due to the high polymer content of the nanoparticles
(Figure S7.3). However, this magnetic saturation is too low for these particles and we
are not capable of heating these materials magnetically with our rather lower magnetic

strength AMF setup (a 1.3 kW, 200 kHz, 30 A, with a 2-coiled, 8 cm solenoid).

It should be noted that the versatility of the miniemulsion polymerization method extends
to after these particles are made. For example, magnetic cores of SPIONs and MMA
were made via a similar miniemulsion polymerization approach and then used as seeds
to form a shell with a specific Ty by adding BMA and MMA monomers (at a rate of 0.77
mL/h) using a semi-batch polymerization method. The shell thickness and PDI are
dependent on the duration of the semi-batch addition (Figure S7.4), with the shell size
gradually increasing and the PDI decreasing until ~5 hours addition time, after which
point both the PDI and shell thickness increase dramatically, potentially due to the
formation of dimer/trimer particles. These particles could then be used as seeds to form
either a thermosensitive or highly protein-repellent poly(oligoethylene glycol
methacrylate) (POEGMA)-based gel shell using a similar approach (Table S7.1),
creating multi-shell nanocomposites with desirable interfacial properties as well as

potential for T4-mediated release.
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Based on the low magnetic saturation of the SPION-nanoparticle composites,
nanocomposite hydrogels in which the rhodamine-loaded latex nanoparticles is
physically mixed and co-encapsulated with SPIONs inside an injectable hydrogel were
selected to proceed with drug release kinetics measurements. This structure offers
several advantages over the SPION-nanoparticle composite approach: (1) a known
SPION concentration (independent of the drug loading) can be added to precisely tune
the temperature increase and resulting drug release from nanocomposite systems for a
given AMF application; (2) entrapping the latex nanoparticles in a hydrogel that can be
injected into the specific therapeutic region of interest would also allow for a known drug
particle concentration at the desired location, in contrast to circulating nanoscale

systems in which the majority of delivered drug is delivered to off-target tissues.*

Thermoresponsive release behavior of an injectable nanocomposite hydrogel comprised
of 5 wt% PEG-stabilized SPIONs, 10 wt% rhodamine B-containing p(MMA-co-BMA)
nanoparticles (prepared with 10 wi% rhodamine B loading), 4 wt% of hydrazide-
functionalized CMC and 4 wt % of aldehyde-functionalized dextran is shown in Figure

7.3. All release rates were normalized against the initial weight of the nanocomposite.
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Figure 7.3: Release of rhodamine B from the p(MMA-BMA) nanoparticles with T4 ~40°C
entrapped in an injectable MITCH-type hydrogel with 5 wt% SPION content made from
the natural polymers CMC and dextran: (a) short term release over 6 hours; (b) longer
term release over ~6 days. * indicates statistically significant differences in the
cumulative release between the two incubation temperatures at a given time point (p <
0.05).

Significantly more rhodamine B was released from nanocomposites at 45°C than the
same composites at 37°C throughout the course of the experiment, with the exception of
two samples taken just after 24 hours; this lack of difference at early release times is
likely attributable to the early diffusion of rhodamine B encapsulated at or near the
p(MMA-BMA) nanoparticle surface that is not significantly retarded by the glassy nature
of the latex nanoparticles. Otherwise, 2.5-3 times more rhodamine B was consistently
released at the higher temperature of 45°C over the first three days of sampling until this
difference expanded to a ~7 times enhancement of rhodamine B release at 45°C over
37°C after 5 days. Indeed, following the hypothesized non-specific release of near-
surface rhodamine B in the 37°C sample, no significant change in cumulative release at
T<T4 was observed between days 2-5 (in all statistical comparisons p > 0.12), in sharp
contrast to various hydrogel/VPTT-based systems (including those reported elsewhere
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in this thesis) in which “off’ state basal release is significant. These results together
demonstrate that the T, of these materials can meter temperature-responsive release
above 37°C, affording the potential for these materials to be capable of remote-

controlled release via AMF.

Notably, Figure 7.3 also shows that this injectable hydrogel nanocomposite system is
capable of releasing hydrophobic moieties with little-to-no burst release; indeed, there is
a slight lag in release at early times which we attribute to the required diffusion of the
drug (initially localized in the p(MMA-BMA) nanoparticles) from the nanopatrticle surface
through the hydrogel and then out into the release medium. To the best of our
knowledge, this is a rare example of near zero-order and zero burst release from an
injectable hydrogel system, a kinetic profile of significant interest for hydrophobic drugs
that are effective at low concentrations for long term therapies. The hydrazone
chemistry of the MITCH-type hydrogels also is ideal for long term delivery, as we have
previously demonstrated degradation times over a period of 3-6 months in physiological

conditions for these hydrogels.®

The capacity of nanocomposites comprised of 10 wt% rhodamine B-loaded latex
nanoparticles and 5 wt% PEG-coated SPIONs entrapped in a CMC-dextran injectable
MITCH-type hydrogel to deliver hydrophobic drug at enhanced rates upon exposure to
an AMF was then assessed. The release rates of samples exposed to short, 30 minute
pulses of AMF compared to samples not exposed to the AMF are shown in Figure 7.4,

with release again normalized against the initial weight of the nanocomposite.
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Figure 7.4: (a) Release rate of rhodamine B with and without 30 minute pulsatile AMF
applications at 1, 3, and 5 hours (indicated by the grey boxes). (b) Cumulative release
of rhodamine B with the 30 minute AMF pulses, with the AMF constantly applied to the
nanocomposites, and without an applied AMF. All of the results are normalized against
the weight of the nanocomposites and * of each colour indicates each point that is
statistically significantly different from the previous point (p < 0.05).

Figure 7.4a shows that the release rate generally significantly increases in response to
the AMF pulse and shifts back down to the baseline release level immediately after the
AMF is removed. The pulsed samples tend to have a release rate that is 1.5-2 times the
release rate of the non-pulsed sample during the pulse. This lower resolution between
the on- and off-states may be attributed to the AMF only heating the nanocomposite
disks up to ~43°C in this system compared to the temperature-based release and/or the
T4 of the nanocomposites being so close to physiological temperatures that a portion of
them are not in the glassy state at the baseline 37°C temperature (which would also
raise the baseline, off-state rhodamine B release rate). This resolution could thus
potentially be improved through the use of latex nanoparticles with a slightly higher

targeted T, value and/or including more SPIONSs in the nanocomposite to facilitate higher
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local heating within the gel. Samples that are not exposed to the AMF pulses do still
experience significant differences in the release rates between time points, but these
fluctuations are random throughout the 6 hour timeframe, indicative of noise within the

sampling protocol used instead of pulsatile release potential.

Figure 7.4b shows the cumulative release results from these nanocomposite materials.
At each time point there is significantly more release from the nanocomposites
constantly exposed to the AMF versus the control composites that were kept at 37°C.
The samples that underwent AMF pulses are understandably in between these two, with
the differences entirely due to the increase in release as a result of the 30 minute AMF
pulses. Furthermore, only a small proportion of the small, hydrophobic model drug was
released over the 6 hour duration of these experiments, with 1.2 + 0.2%, 1.6 + 0.2%, and
1.0 £ 0.2% released constant AMF exposure, with pulsed AMF applications, and with no
AMF exposure respectively (assuming the rhodamine B was completely retained in the
particles throughout synthesis and purification). This desirable low basal release rate in
the off-state is difficult to achieve with hydrogel systems and can be entirely attributed to
loading of the drug exclusively within the latex nanoparticles entrapped within the
hydrogel. Consequently, this system could potentially be used for long term delivery of
small, hydrophobic therapeutics capable of being repeated pulsatile release as activated

externally with an AMF.

All of the components of the nanocomposites tested for drug release, and similar
nanocomposites as a whole, have previously been shown to be cytocompatible in in vitro
(Figure 7.5) and in vivo studies, with the exception of the rhodamine B-loaded p(MMA-

BMA) nanoparticles.>®* Consequently, the cytocompatibility of these nanoparticles was
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analyzed with an MTT metabolic assay using 3T3 mouse fibroblast cells, the results of

which are shown in Figure 7.5.
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Figure 7.5: Relative viability (to cell-only control) of 3T3 mouse fibroblast cells for
various concentrations of rhodamine B-loaded p(MMA-BMA) T4 nanoparticles, SPIONSs,
hydrazide-functionalized CMC, and aldehyde-functionalized dextran.

No significant cytotoxicity was exhibited over the full range of tested nanoparticle
concentrations, with all concentrations showing cell viabilities significantly greater than
80%. Note that the higher concentrations tested here are expected to be greatly in
excess of the potential exposure concentrations in the body after in vivo injection given
the rapid gelation and slow degradation characteristics of the hydrazone MITCH-type
hydrogels used. This result is not unexpected, as pMMA and pBMA were some of the
earliest traditional biomaterials reported. This in vitro result, along with our previous in
vivo results with similar composite hydrogels,” suggests that these materials would be

suitable candidates for in vivo applications.
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7.2.5 Conclusions

A wide range of treatments could benefit from complex therapeutic release profiles that
could be achieved by remotely controlled drug delivery systems. Here, p(MMA-co-BMA)
nanoparticles with a T, ~40°C loaded with rhodamine B and entrapped in an injectable
hydrogel matrix with SPIONs are shown to enable AMF-actuated hydrophobic small
molecule release. The resulting nanocomposites displayed desirable compatibilities in
vitro and had a significantly improved release ratio between the on- and off-states of 2.5-
7:1 in temperature-based studies. While this resolution decreased slightly (1.5-2:1)
when AMF-mediated release was attempted, the lack of a burst release, low release
rate, and low amount of total release after 6 hours is unique for an injectable hydrogel-
based release system and could prove useful for a wide range of treatments requiring

low doses hydrophobic therapeutics over extended periods of time.
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7.2.8 Supporting Information

Figure S7.1: Picture of the AMF triggering apparatus. The nanocomposites are held in
the test tubes by custom polyethylene holders and positioned at equivalent locations
with the coils of the solenoid.
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Figure S7.2: a) Dispersion of SPION-laden p(MMA-co-BMA) nanoparticles in DIW.
b) TGA of magnetic p(MMA-co-BMA) nanopatrticles, confirming that the particles contain
~15% SPIONSs. c) TEM of the magnetic latex nanoparticles, in which 2-4 SPION particles
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can be seen clustered together per latex particle, as indicated by arrows (120,000x
magnification).

= Hydrophobic NPs |

0.8 ® Tg Particles EEEERER
0.6
0.4 |

b ]
0.2 -

r A EREE]
0.0 |- esccee
0.2

04
0.6
[ ammmmnm

0.8

Magnetization (emu)

L 1 . I L 1 . L L 1 .
-60000 -40000 -20000 0 20000 40000 60000

Field (Oe)

Figure S7.3: SQUID measurements of superparamagnetic hydrophobic SPIONs and
magnetic p(MMA-co-BMA) nanoparticles with such SPIONs entrapped in the latex
particles.

140 [I-] -I 0.3

—_
o
o

EIJ 0.25
100
EEy { 02
5 80 -
ToF = 5
%EE 60 @ 1 015 PDI
[m]
40 Emggn ] o1
20
0 { 0.05
2 { N 2 3 4 5 o
) Time (h)

Figure S7.4: Shell diameter and PDI, analyzed via DLS, during MMA/BMA shell growth
on SPION-MMA core seed particles over time (monomer feed rate 0.77 mL/h).
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Table S7.1: DLS results of particles with a SPION/MMA core, these cores with a
BMA/MMA shell, and the core-shell particles with an additional POEGMA gel on the
outside of the particles.

Particle Size (nm)
Core 99«5
Core-Shell 136 + 2
Core-Shell-Gel (25°C) 194 +7
Core-Shell-Gel (60°C) 169+ 3
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Chapter 8: Conclusions

8.1 Significance and concluding discussion

The overall body of work presented here explores the use of injectable “smart”
thermosensitive hydrogels for biomedical applications and drug delivery, transitioning
from large, macroscale systems to nanoscale devices. The general focus of this work
lies in the development of materials that can be manipulated remotely to control drug
release, specifically via alternating magnetic fields (AMFs). The combination of SPIONs
and thermosensitive hydrogels and/or microgels is integral to this release, as the
SPIONSs produce heat in response to AMF that can be transferred to the thermosensitive
hydrogels or microgels to raise their local temperature above their VPTT to cause them
to deswell. This mechanism is fully reversible such that when the AMF is removed the
temperature of the gel components will return to their ambient temperature (~37°C both
in vivo and in all experiments presented herein) and re-swell back to their original size as
their temperature decreases below their VPTT. This swelling/deswelling mechanism,
which is ultimately regulated by the applied AMF, is the mechanism applied to control
drug release for a wide range of drug moieties. This type of regulation of drug release
post-implantation/injection could have marked benefits over traditional passive release
systems, potentially putting control back into the hands of healthcare professionals
and/or patients by providing them capacity to react to changing physiologic conditions
and patient needs. This type of control could be tremendously useful for a wide range of
treatments including, but not limited to, insulin/hormone delivery, chronic pain
treatments, vaccine delivery, and cancer therapies (some of which respond more

favourably to cyclical therapeutic delivery).
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My PhD work in this area began by using SPIONs as the crosslinking component of our
two-component hydrazone-crosslinked hydrogels (Chapter 2). Here, the SPIONs were
functionalized with hydrazide-functionalized PNIPAM which can be used to form
magnetic macroscale hydrogels when co-injected through a double barrel syringe with
aldehyde-functionalized dextran loaded in the second barrel. The resulting hydrogels
had very unigue properties, including impressively high mechanical strength for a
hydrogel, “bouncy ball’-like mechanical properties, and high tissue adhesion in vivo.
These hydrogels were also able to release drug in response to pulses from an AMF, with

2.5-fold enhancements in the release rate achievable upon application of a given pulse.

Subsequent projects (Chapters 3 and 4) focused on improving control over drug release
from macroscale hydrogel-based systems. To achieve this, hanocomposite hydrogels
containing both SPIONs and thermosensitive PNIPAM-based microgels entrapped within
the hydrogel scaffold were fabricated. The proposed mechanism of drug release from
these systems involves SPIONSs transferring the heat they produce in response to an
AMF application to the microgels, which deswell and in the process generate free
volume to encourage enhanced drug release. When the AMF is removed, the microgels
refill the pore space that was created as they reswell to their original state and the rate of
drug release is returned back to its lower baseline level. The first of these two chapters
confirmed that mechanism and demonstrated a 4:1 ratio in terms of the rate of release
with the applied AMF versus the baseline release rate. The second chapter observes
the influence of various parameters associated with these nanocomposites on drug
release. In short, increasing the microgel content (at least up to a certain point prior to
gel destabilization), operating around the VPTT of the microgels when heating/cooling

via AMF, and limiting the swelling of the hydrogel scaffold were all shown to enhance the
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release rate as a result of an applied AMF over the baseline release rate. Notably, the
release rate was not affected by the AMF pulse duration between 10 and 20 minutes,
which could significantly simplify the relation between how long an AMF should be

applied to release a specific, controlled dose.

Chapter 5 involves micro-scale systems for controlled release, describing the
development of a microinjector to inject precise, low amounts (1 — 20 uL) of our
injectable hydrogels for use in in vivo ocular experiments. The microinjector was
capable of injecting ~5 pL droplets of our hydrazone-crosslinked mixing induced two
component hydrogels (MITCH) into the eyes of rats in vivo. The injected hydrogels
showed good tissue compatibility when delivered to the eye with the designed
microinjector. While these systems were not capable of remote controlled drug release
(or even assessed for their drug release in vivo), analogous MITCH-type hydrogel
systems could be injected with these devices that are capable of remotely actuated
release. For example, the previously discussed macroscale magnetic nanocomposites
or the nano-scale systems entrapped within hydrazone MITCH-type hydrogel scaffolds
(Chapters 6 and 7) could be delivered with these microinjection devices. Furthermore, it
is now becoming known that hydrogels and other particulate-based vehicles with sizes in
this micron-to-millimetre size range are markedly more favourable in terms of avoiding
the immune response in vivo." Thus, such a microinjection device could prove useful for
delivering nanocomposite hydrogel droplets of this size that can avoid immune

responses.

The last chapters (Chapters 6 and 7) describe nanoscale systems that also have the

potential for AMF-mediated remote release. Chapter 6 describes cationic microgels
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containing large fractions of SPIONs incorporated into their structure (up to 40 wt.%),
prepared via a simple, two-stage fabrication process. The resulting magnetic microgels
can be used to deliver anionic drugs, undergo magnetic targeting, and have the potential
for AMF-mediated release. Chapter 7 describes nanoscale MMA/BMA latex particles
manufactured via miniemulsion polymerization have also been developed that release
upon heating via a glass transition (T) rather than a volume phase transition. The ratio
of MMA:BMA was designed such that the T, of the polymer is ~40°C. As a result, these
materials were shown to release greater amounts of Rhodamine B, a model hydrophobic
drug, when activated above its T4, with drug loaded into the particles directly during
synthesis at temperatures exceeding this T,. These particles can also be developed to
contain hydrophobic SPIONs without affecting their T4 or can be encased within an
injectable, MITCH-type hydrogel that entraps SPIONs that can drive magnetically-
activated glass transitions in the latex particles. This latter method was used to show
the capacity of these T, materials to release significantly greater amounts of Rhodamine

B in response to both pulsed and continuous AMF applications.

Collectively, this work presents as clear evidence of what a powerful tool the
combination of SPIONs and thermosensitive hydrogels and/or microgels could be for the
purposes controlled release. These systems seem to be effective from the macro- to the
nano-scale, leading to their potential use in a wide range of therapies. Notably, the
sufficient ratio of on- versus off-state release from the systems developed here all
involved small model drugs and could likely be improved upon when using larger
therapeutics. While there would be numerous alterations required to all of these devices
before they are commercialized, this work provides a basis for the optimization of remote

release from hydrogel-based systems, from localized magnetic hydrogels to hydrogel
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droplet nanocomposites injected into a specific location in vivo to nano-scale systems
that could be introduced to the circulatory system and be magnetically targeted to a

specific location before remotely actuated release takes place.

An issue specific to AMF-mediated release is that while small-scale devices (large
enough to activate a material implanted in an arm, for example) are relatively common,
large scale devices that can fit an entire individual and activate these vehicles in deeper
tissues are currently few and far between, especially in North America. Most full-body
AMF machines are located in Europe, specifically Germany, where AMFs are routinely in
clinical use for the hyperthermia treatments in cancer patients. Even harder to come by
are full body systems capable of both AMF-controlled heating and magnetic targeting.
To the best of my knowledge, there are only two such devices in the world, one in
Montréal and the other in Germany, and both are modified MRI machines for research
purposes. Consequently, the clinical practicality of using our nanoscale materials as
systems that will circulate and then be magnetically targeted to a specific location before
remote controlled release with an AMF is at this time quite limited. Instead, at least in
the short term, it is probably more beneficial to take advantage of our injectable hydrogel
systems to concentrate and orient our systems at a specific location in the body. These
injectable MITCH-type hydrogel systems could entrap a known concentration of SPIONs
and drug-loaded nanomaterials at a specific site in the body, allowing for more
predictable heating and release in vivo from a given AMF application. This method
would thus improve the effectiveness and consistency using an AMF in vivo, and, as
such, it would be much more sensible to focus on to treating our injectable nanosystems

in this way as this research moves forward.
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The use of magnetic fields to remotely activate release of drug payloads remains a
relatively new field, a field whose very existence is owed to recent advancements in
polymer and materials science. Several complex elements are inherently involved in
these remotely-responsive systems, and this complexity means that there is still a lot of
work in this field before a great deal of commercialization occurs (particularly for
injectable, biocompatible systems that would ultimately be superior in terms of patient
compliance). Indeed, the only system enabling remote-controlled release that is
currently undergoing FDA trials toward eventual commercialization is the MicroCHIPS
device, a microchip device with degradable seals over micro-scale drug reservoirs that
can remotely deliver drug doses upon electrical stimulation.? While this device is
incredibly promising, it is large and metallic and undergoes fibrosis after it is implanted in
the body via an invasive surgical procedure. Consequently, the success of this device
(or the lessons learned from this attempt at clinical translation) could open the door to

more biocompatible, injectable systems that perform similar functions.

The field of remote-controlled delivery has a great deal of potential for advancement,
and this advancement could be remarkably useful for a wide range of medical therapies.
Indeed, nearly every therapy could benefit from improved control over the release
kinetics of their therapeutic. Thus, the main contribution to the field of this work, due to
its novelty, would be as a stepping stone or a basis for future research in the area of
remotely-actuated delivery systems using “smart” polymers as this field continues to
mature. Hopefully future attempts at achieving systems capable of
chronopharmaceutical delivery will take note from this work and realize the potential
importance developing localized, remotely actuated release systems that are injectable

and biocompatible. These would avoid surgical procedures and improve patient
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compliance and well-being in the process. These systems will also require a large ratio
between the on- and off-states of drug release, as that is the primary limitation of the
systems developed here from being clinically translatable. This may be able to be done
by tweaking some of the systems developed in this work. However, this work could be
valuable even if it simply encourages others to go against the grain of typical present
drug delivery research, which is currently generally focussing on targeting circulating
nanoparticles to a specific point in the body or the development of localized delivery
systems that undergo passive release, and come up with novel delivery strategies that
could lead to a game changer in the field of drug delivery. Ultimately, if this work helps,
in any way, to lead to future commercialized systems that can benefit hundreds to
thousands of individuals requiring pulsatile or user/physician-controlled remote actuation

of drug release, it will undoubtedly be worthwhile.
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