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P(DEGMA-co-OEGMA-b-[TMSPMA-co-
VBA])@Silica@Magnetite polymer-nanoparticle
composites have been developed as a platform for
controllable drug release. The nanocomposite facilitates
controllable release of therapeutic molecules through
breakage of pH and heat labile Schiff base bonds that bind
the molecules to the polymer. This enables dual-stimuli
responsive drug release in response to the acidic
microenvironment of cancerous cells and heat generated by
the magnetite nanoparticles when subjected to an
alternating magnetic field, thereby permitting spatial and
temporal control over ‘burst’ release of the drugs. The
nanocomposite has also been shown to be effective at
improving magnetic resonance imaging contrast through
enhancement of spin-spin relaxivity.

The emergence of nanomedicine is revolutionising the
treatment of many diseases, including cancers, cardiovascular
diseases and others."™ Various nanoparticle platforms have
been developed for cancer diagnosis and treatment.>® For
example, Langer and co-workers have reported the first clinical
trial of targeted polymeric nanoparticles containing the
chemotherapeutic docetaxel for the treatment of patients with
solid tumours.> Another promising nanoparticle platform
involves the use of iron oxide nanoparticles (IONPs) for several
applications in medicine, including drug and gene delivery,
magnetic resonance imaging (MRI) and hyperthermia therapy.”
12 Sophisticated chemistry has also been established to prepare
complex polymer-nanoparticle composites, in which a
therapeutic agent can be physically loaded or chemically bound
to the polymer."*!* The conjugation of therapeutic agents to
polymeric layers on IONPs through biologically breakable
bonds offers improved control, while the IONP core can be
employed as a magnetic resonance imaging contrast agent.’

Recently, the application of alternating magnetic fields
(AMF) to IONPs loaded with drugs has allowed controllable
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release of these drugs through the production of thermal energy
by Néel and/or Brownian relaxation.'®?® The use of heat
generated to break chemical bonds, thereby allowing the
controlled release of therapeutic compounds, presents some
advantages as the therapy can be adjusted to the patient’s
regimen and allows multiple dosages from a single
administration.?'** It may also help address the importance of
timing on therapeutic effect, such as chrono-administration — a
new concept that is receiving increasing recognition.?
However, AMF induced release of therapeutic compounds
presents several limitations, as it is not specific to diseased
tissue. This is an issue in the treatment of diseases such as
cancer, where the drug may present some adverse side effects.
Fortunately, the difference in physiological properties between
diseased and normal tissue, such as the more acidic
environment of cancer cells, allows for localised release of
drugs when they are sequestrated to the drug carrier by a pH
responsive bond.?’

In this study, we present a new class of polymer-
nanoparticle composite based drug carriers that respond
simultaneously to both a change in pH and heat generated by
AMF to achieve a ‘burst’ release of fluorescein amine (a model
therapeutic molecule) via bond breakage. This unique
combination allows temporal and spatial control over the
release of the molecules (see Scheme 1). The nanocarrier is
constituted by a P(DEGMA-co-OEGMA-b-[TMSPMA-co-
VBA]) diblock copolymer grafted onto silica coated acicular
magnetite nanoparticles (Fe;O,). The acicular nanoparticle
morphology was chosen as it has been reported to exhibit
enhanced cellular uptake® and bio-circulation’”® when
compared to its spheroid counterparts. The diblock copolymer
confers biocompatibility and colloidal stability, as well as
specific functions to covalently attach the molecules through
pH and heat labile Schiff base bonds.
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P(DEGMA-co-OEGMA-b-[TMSPMA-co-VBA]) grafted magnetite nanoparticle, conjugated with fluorescein amine via Schiff base bond
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Scheme 1: Temporal and spatial controlled release of a model therapeutic compound from P(DEGMA-co-OEGMA-b-[TMSPMA-
co-VBA]) diblock copolymer grafted onto silica coated acicular magnetite nanoparticles. A) in healthy tissue (pH 7.4), application
of an alternating magnetic field causes the particle to heat up above the lower critical solution temperature (LCST) of the polymer,
resulting in a contraction of the polymer chains, with a minimal release of the therapeutic compounds due to only partial
hydrolysis of Schiff base bonds. B) in cancerous tissue (pH ~ 5.5), an acidic environment causes a slow hydrolysis of Schiff base
bonds, again resulting in minimal release of the model therapeutic compound. C) Application of alternating magnetic field (AMF)
in acidic environment (such cancerous tissue) achieves a synergistic effect whereby a rapid hydrolysis of Schiff base bonds is
observed due to the increase in temperature and low pH, resulting in a ‘burst’ release of the model therapeutic compound.

The acicular magnetite nanoparticles were synthesised via a
three step process. Firstly, acicular hematite (a-Fe,O;)
nanoparticles were synthesised by forced hydrolysis of iron
(IIT) chloride hexahydrate (0.02 M) in the presence of sodium
dihydrogen orthophosphate monohydrate (0.4 mM) and urea
(0.01 M) at 100 °C for 18 h*® A hematite template was
employed due to the isotropic nature of magnetite that made it
difficult to directly synthesise non-spherical morphologies.’' In
the second step, a silica layer was introduced using the Stdber
method.*? Subsequently, the hematite core was reduced under
hydrogen at 500 °C for 5 h to produce the magnetite
nanoparticles. The silica layer ensured that the acicular
structure was retained after the reduction treatment.

Transmission electron microscopy (TEM) confirmed the
successful synthesis of acicular shaped nanoparticles and the
presence of a thin coating layer (10 nm) on the nanoparticles
after the Stober process was completed (Figure la). X-Ray
diffraction crystallography (XRD) of the nanoparticles prior to
the hydrogen reduction step revealed characteristic peaks of
hematite (Figure 1c). After hydrogen reduction, a new set of
peaks that corresponded to magnetite was obtained (Figure 1c).
Further, electron microscopy (Figure 1b) and Energy
Dispersive X-ray spectroscopy (EDS) (Figure S1) showed
sintering of the iron oxide core to form a porous ‘magnetic eye’
structure after the hydrogen reduction step.

The P(DEGMA-c0-OEGMA-b-[TMSPMA-c0o-VBA])
diblock copolymer was synthesised using reversible addition
fragmentation chain transfer (RAFT) polymerisation in the
presence of 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
as the RAFT agent. First, a P(DEGMA-c0o-OEGMA) polymer
(M,=13,500 g mol”, PDI=1.19, DEGMA:OEGMA=70:30 in
mol%) was synthesised by copolymerisation of poly(ethylene
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glycol) methyl ether methacrylate (OEGMA, with MW = 300
g/mol) with di(ethylene glycol) methyl ether methacrylate
(DEGMA). This precursor polymer was primarily designed to
improve biocompatibility and colloidal stability. Poly(ethylene
glycol) methyl ether methacrylate has previously been shown to
enhance the stability of nanoparticles by preventing
agglomeration through increased steric repulsions, and
enhanced biological half-life by assisting in evasion of the
reticuloendothelial system.*® Additionally, copolymerisation of
OEGMA with DEGMA conferred temperature responsive
properties to the polymer with a lower critical solution

Hematite

Magnetite

‘:‘ \\: ‘ ’#} J.H 30 60 70 n‘n

a0 50

20 (degrees)

Figure 1: Transmission electron microscopy images of (a)
silica coated hematite, (b) silica coated magnetite with sintered
“eye-like” structure, and (c) X-ray diffraction spectra of
hematite nanoparticles and silica coated magnetite
nanoparticles.
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Figure 2: Polymerisation reaction scheme of P(DEGMA-co-
OEGMA-b-[TMSPMA-co-VBA]) copolymer using RAFT
polymerisation.

temperature (LCST) as demonstrated by Lutz and co-
workers™®** and others.*® The LCST value of this polymer is
slightly lower than values reported in these previous
publications. This difference has been attributed to the use of
OEGMA with shorter OEG segments (5 units in this work),
resulting in a shift to a lower LCST (around 39 °C) (Figure S3).
At temperatures above the LCST, the DEGMA-co-OEGMA
block will contract allowing molecules trapped within the
polymer layer to be released more rapidly. The polymer was
subsequently chain extended with 3-(trimethoxysilyl)propyl
methacrylate (TMSPMA) and 3-vinylbenzaldehyde (VBA) to
yield the final P(DEGMA-c0o-OEGMA-b-[TMSPMA-co-
VBA]) diblock copolymer (M,=15,000 g mol’, PDI=1.30,
VBA:TMSPMA=80:20 in mol%). Previous works using the
polymer containing trimethoxysilyl and benzaldehyde groups
have been shown to be non-toxic for a large range of cells.”***’
The successful chain extension was confirmed by the presence
of new signals at 7 and 10 ppm assessed by NMR analysis
(Figure S4) and by a shift of the molecular weight distribution
as determined by gel permeation chromatography (GPC)
(Figure S5). The reaction scheme is shown in Figure 2.
Subsequently, the polymer was grafted onto the acicular
magnetite nanoparticles through a reaction between the
trimethoxysilane group on the polymer chain and Si-OH group
on the nanoparticle surface. The presence of the polymer on the
nanoparticle surface was confirmed by X-Ray Photoelectron
Spectroscopy (XPS) (Table S1) which showed the presence of
new C-O, C=0 and O=C-O signals after the grafting and
multiple washing steps. Fourier Transform Infrared
Spectroscopy (FTIR) further revealed the presence of
characteristic carbonyl ester bonds at 1735 cm™ (Figure S6). A
polymer grafting density of 0.085 chains per nm® was
calculated by thermogravimetric analysis (Figure S7), using the
surface area assessed by Brunauer-Emmett-Teller (BET)
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Figure 3: (a) Fluorescein amine release kinetics under
physiological (pH 7.4) or acidic (pH 5.5) conditions, with and
without the application of an alternating magnetic field. (b)
Superposition of two phasor plots from Fluorescence-Lifetime
Imaging Microscopy (FLIM) of the nanocarriers with the
fluorescein amine dye attached and cleaved. A notable shift in
distribution peaks indicates that the dye has been successfully
loaded onto the surface of the nanoparticles.

theory. TEM showed that the polymer-grafted nanoparticles are
more dispersed than their bare nanoparticle counterpart (Figure
S8); dynamic light scattering (DLS) measurements gave a
hydrodynamic diameter of 317 + 10 nm in water at pH 7.4,
25 °C.

Conjugation of a model molecule (fluorescein amine) to the
polymer-nanoparticle composites was achieved through
formation of Schiff base bonds between the primary amine of
the dye molecule and the aldehyde on the VBA units in the
polymer in the presence of triethylamine as the catalyst, as
described in the literature.’” Subsequently, the nanoparticles
were purified by at least ten cycles of washing and magnetic
separation with 0.1 M NaCl solution to remove any physisorbed
fluorescein amine. A reduction in intensity of the aldehyde peak
at 10 ppm in the 'H NMR spectra after reaction with
fluorescein amine indicated the successful formation of Schiff
base bonds between the polymer and the amine group on the
model molecules (Figure S4). Using the poly(ethylene glycol)
peak at 4.2 ppm as an internal reference, we were able to
quantify a conjugation yield of 8442% from the change in
ratios of the 10 ppm and 4.2 ppm peaks before and after
conjugation.

Studies on the pH and alternating magnetic field induced
release of fluorescein amine were carried out by first preparing
four samples of the polymer-nanoparticle composite loaded
with fluorescein amine (1.75 mg mL™"); two samples were held
at physiological pH (pH 7.4), and two at acidic pH (pH 5.5).
For each pH, one sample was held at 25 °C, and the other was
exposed to the alternating magnetic field (195 kHz, 90 kA/m).
Samples that were exposed to acidic pH and alternating
magnetic field were found to release the fluorescein amine
more rapidly (Figure 3a) than samples exposed to only one
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stimulus. A very slow hydrolysis of the Schiff base bonds was
observed in an aqueous solution at pH 7.4 and at room
temperature. This is because the imine bond is stable at
physiological pH and presents slow hydrolysis kinetics. A
‘burst’ release was observed for samples that were exposed to
both stimuli simultaneously; 82% release was achieved within
25 min, as opposed to less than 45% when only a pH stimulus
was used. To confirm that the rapid release of the Schiff base
was due to the simultaneous effect of the temperature and pH,
we measured the release of the fluorescein amine conjugated to
polymers via a Schiff Base bond at 25 and 60 °C at pH 5.5. The
hydrolysis rate of the Schiff base bond is accelerated by an
increase in a temperature in acidic environment (see Figures S9
and S10). Therefore, the rate at which the bond is hydrolysed
under acidic conditions can be accelerated by heat induced
within the magnetite nanoparticles by the alternating magnetic
field. In addition, upon reaching the LCST the polymer
contracts and subsequently pushes the fluorescein amine
compound out of the polymer layer. Successful release of
fluorescein amine (model compound) from the agent was
further confirmed by fluorescent lifetime imaging microscopy
(Figure 3b). Fluorescein amine conjugated to the nanoparticles
displayed a longer lifetime prior to release, however after
release a shift to shorter life time was observed, as indicated in
the phasor plot (Figure 3).%®

Finally, the efficacy of this polymer-nanoparticle composite
as an MRI contrast agent was assessed though spin-spin
relaxivity measurements. A Bruker Avance 11.7 T wide-bore
spectrometer was used to measure the spin-spin relaxivity at
various concentrations 0.00-0.10 g L' of the nanocomposite
(Figure 4). It was found that the relaxivity of the nanocarriers is
86.2 mM's! at 11.7 T. This value is relatively modest
compared to previous values reported in the literature.>®>%*?
Fo4r2 instance, Kim et al. reported a value of 166 mM's™! at 7
T.
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Figure 4: spin-spin relaxivity measurement of polymer-
nanoparticle composites in agar gel at different iron
concentrations.
Conclusions

In summary, we have demonstrated the use of Schiff base
bonds for the conjugation and dual-responsive controllable
release of a model for a cancer drug (fluorescein amine) from a
polymer-nanoparticle composite. We have shown that the rate
at which this pH labile bond is hydrolysed is controlled through
temperature and pH, thus providing a mechanism that allows
‘burst’ release of drug molecules through alternating magnetic

4 | J. Name., 2012, 00, 1-3

field induced heating. The model drug is rapidly released in an
acidic microenvironment under an alternating magnetic field. In
healthy tissues (pH ~7.4), the amount and/or rate of drug
released is low and/or slow such that the drug cannot
accumulate and cause damage to the cell, thus minimising the
adverse effects of some cancer treatments. Finally, we
demonstrated that this agent was effective as a theranostic agent
through enhancement of MRI T, relaxivity. In future work, we
will investigate the conjugation of doxorubicin and its release
using this concept.
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