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Nanometer scale rods of superparamagnetic iron oxide have been
encapsulated, along with the anti-cancer therapeutic carnosine, inside
porous poly(lactic-co-glycolic acid) microbeads with a uniform
morphology, synthesised using microfluidic arrays. The sustained and
externally triggered controlled release from these vehicles was
demonstrated using a rotating Halbach magnet array, quantified via
liquid chromatography, and imaged in situ using magnetic resonance
imaging (MRI) and scanning electron microscopy (SEM). In the absence
of the external magnetic trigger, the carnosine was found to be
released from the polymer in a linear profile; however, over 50% of the
drug could be released within 30 minutes of exposure to the rotating
magnetic field. In addition, the release of carnosine embedded on the
surface of the nano-rods was delayed if it was mixed with the iron
oxide nano rods before the encapsulation. These new drug delivery
vesicles have the potential to pave the way towards the safe and
triggered release of onsite drug delivery, as part of a theragnostic
treatment for glioblastoma.

Glioblastoma multiforme (GBM) is the most aggressive form of
brain cancer with patients generally dying within 15 months
after diagnosis."” The complete removal of brain tumours
cannot be achieved by surgery alone due to the complex finger-
like structure of the tumour cells and their migration away from
the bulk of the tumour.? In addition, these tumours are highly
resistant to current radiation and chemotherapy treatments.*®
Therefore, there is an urgent need to look towards new thera-
peutic strategies to treat this fatal disease.® We have previously
demonstrated that carnosine can be safely utilised as a poten-
tial therapy in this area, however, the model of delivery and
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release of the active substrate requires further investigation.”
One of the most promising options for this release is the
application of a time varying external magnetic field.

Magnetic fields have found application in many clinical
applications since they are not inherently damaging to the body,
though therapies often lack selectivity and locality.® Current
research strategies therefore often couple the application of
magnetic fields with biochemical and physical properties of
some additional agent to aid in overcoming these limita-
tions.”™* Specifically, the adoption of nanometre scale para-
magnetic materials into such therapies enhanced the
localisation effect, while also reduced the biotoxicity.'>'® The
biomedical application of functionalised paramagnetic nano-
particles has stimulated much interest, specifically in nano-
magneto mechanical activation (NMMA) by non-heating low-
frequency alternating magnetic fields (f < 1 kHz). The nano-
particles act as mediators that localise and apply forces to target
biomolecular structures including enzymes, transport vesicles
and cell organelles, without significant heating. Therefore,
NMMA demonstrates a biophysical platform for various thera-
pies including the sustained and controlled release of thera-
peutics, without increasing toxicity.'”  Paramagnetic
nanoparticles have been used as non-thermal contrast reagents
in magnetic resonance imaging and as carriers in drug delivery
by nanoscale modules.’** However, clusters of super-
paramagnetic nanoparticles have also been demonstrated to
induce magnetic hyperthermia therapies when enshrouded
with a polymer coating, impregnated with a drug.”>*" Therefore,
introducing paramagnetic nanoparticles to a living organism
can result in both thermal and non-thermal therapies; simply
by changing the frequency of the alternating magnetic field."”
These combined properties have successfully been utilised to
induce controlled drug release from a nanoscale vector.***®

In oncology, NMMA techniques have been employed for the
deformation of molecular structures, where in, the para-
magnetic nanoparticles are utilised to manipulate the sensi-
tivity of tissue, cells, and vesicles.'”** The biochemical response
to this mechano-transduction is cell death, or apoptosis,.>*?® It
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has, unfortunately, also been seen to stimulate tumour growth.
This is attributed to the transmission of force from the rigid
malignant cells to the soft surrounding healthy ones, leading to
metastasis.”” Functionalising the paramagnetic nanoparticles
and utilising magnetic actuation to trigger mechanical forces
offers an exciting strategy to remotely control the drug release
from coupled magnetic materials.* The contactless mechanical
disruption of the polymer coating triggers the release of the
therapeutic material which triggers apoptosis cascade within
the targeted cells.”” This physical stimulation has been showed
to be advantageous, compared to photon or thermal triggering,
thanks to the possibility of achieving deep activation in
a controllable manner for in vivo
applications.”

Recently, we reported the method of formulating carnosine
with superparamagnetic nano-rods of magnetite (Fe;O,)
towards the controlled release treatment at the targeted GBM
cells by applying mild hyperthermia.” To improve the prelimi-
nary model, the conjugated nanorods and carnosine from our
previous work were embedded in microbeads of poly(lactic-co-
glycolic acid) (PLGA) as a potential magnetically triggered drug
delivery device. PLGA is commonly used in the synthesis of
clinical drug delivery systems, specifically for drug molecules
with short half-life protein structures, as the PLGA constructs
have been showed to increase the bioavailability of the
drugs.**** Traditional methods for making PLGA emulsions
involve manual or mechanical agitation. However, such stresses
are conducive to control uniformity across the system.*
Controlling both the structure and function of polymeric drug
delivery has been optimised using microfluidic method, via the
flow-directed shear processing in a two-phase microfluidic
reactor.* In general, such microfluid techniques have been
accepted as applicate scale-up strategies, namely, Factory-on-
Chip techniques which achieved high throughput synthesis to
enhance the industrial production scale.** Synthetic size-
tuneable PLGA microparticles have now been effectively
produced by combining modern technologies of artificial
intelligence and microfluidics, thereby improving efficiency and
performance.?

Herein, we describe a microfluidic double emulsification
method that encapsulates and retains the dipeptide carnosine
and Iron Oxide Nano Rods (IONRs) within the polymeric
microcapsules. The synthesis, characterisation, and stability
profile for the IONRs (ca. 85 nm) have been described in our
previous work (Fig. S1}).” The encapsulate is a spherical
protective wall material (bead) consisting of empty chambers in
a stable emulsion. These sequential emulsifications enable
highly efficient encapsulation with precisely tuneable beads size
(ca. 10 um) with rigid shells. The mechanical trigger embeds the
carnosine into the surface of the IONRs if they were in the same
space and only a mild hyperthermia trigger is needed for the
release. However, if the carnosine and IONRs were in different
beads, the mechanically induced spinning of the IONRs
releases the carnosine from the beads instead of attaching it.
This methodology can be further extended to encapsulate
multiple drugs and manipulate the release depending on the
application requirement. The aim therefore is to use the

and non-invasive
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paramagnetic magnetic nanoparticles as a controlled trigger for
the release and medical imaging. Thereby avoiding the need to
subject the patient to multiple therapeutic injections and
enable the physician to trigger the non-invasive delivery of
carnosine at the optimised time and dose. This drug delivery
methodology has the potential to be described as an on-demand
wireless personalised smart drug delivery system, that can be
conducted inside a conventional MRI scanner.

Utilising carnosine within a sustained release designed
experiment resulted in the inhibition of single spheroid growth
compared to the untreated spheroid. This experiment reflects
the importance of the sustained release of carnosine for the
treatment of the brain tumour. The change in single spheroids’
morphology was monitored using the IncuCyte spheroids soft-
ware over 5 days. The first 24 hours were used to grow the single
spheroid, followed by the carnosine treatment which was added
every 48 hours starting from 0 hour (Fig. S21). The product
application is a non-invasive strategy of convection enhanced
delivery by direct injection and implementation inside the brain
tumour tissues or after the surgery of tumour removal. The
beads are not prepared for another route application such as
intravenous. After applying a colloid of the beads with the
media of the cell line, the beads showed attachment to the outer
surface membrane of the monolayer cells due to the negative
zeta potential. The transmembrane transport was affected by
the micro size of the beads, in that it was reduced as a result of
the steric hindrance of the localisation of the beads on the
membrane, however, both passive or active movement of the
beads once localised is insignificant.’” Moreover, cell
membranes have an electrical potential across them (negative
intracellular), leading to a membrane potential that facilitates
positively charged substrates to flow into the cell.*® Thus, the
beads became stuck to the outer surface, and it was not possible
to remove them by washing with media or PBS after 24 hours.
Bioerodible implants made up of polymeric materials have been
discussed in the literature of over five decades.*® The ability to
disperse drug molecules throughout thermally stable biode-
gradable polymers such as PLGA, results in active polymer
matrix which enabled a degree of control over this release
profile while the polymers are metabolised by the body.***!
However, clinical PLGA formulations are not yet widespread
due to their low drug loading of hydrophilic small molecules,
high initial burst release, and poor stability. Low-temperature
double-emulsion strategies,*”” enables the synthesis of clini-
cally viable in situ swellable (carnosine or IONRs) loaded PLGA
beads. The beads production was repeatedly and consistently
performed using microfluidic hydrodynamic flow focusing
systems enabling multiple emulsifications.** The adoption of
a micromixer chips to such a device enabled the hydrophobic
materials to be encapsulated inside shells of PLGA, then pack-
aged by the second emulsification into PLGA microbeads.

Empty beads of PLGA were prepared by using a Dolomite
microfluidic flow focus system.** Continuous microscopic
observation was applied during the double emulsification to
monitor the mixing of the water and PLGA phases inside the
chip. Microscopic images were taken for the PLGA beads on
glass slide directly after the double emulsification. The larger
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PLGA beads (>100 pm) were observed to shrink after around 5
minutes in air, drying to less than 100 pm, with complete
solvent evaporation occurring after an additional 5 minutes
achieving a final size of the PLGA around 10 pm, as seen in
Fig. 1. The system was found the have an encapsulation effi-
ciency, EE% > 99%, and loading efficiency, LE% = 33.4%.
FT-IR spectroscopy of the IONRs, r-carnosine and PLGA
empty beads (PLGA and PVA), resulted in characteristic IR
vibrational peaks in the high-frequency region were the
stretching vibration at 2162 em™" and 1643 cm™" is due to

Fig. 1 Microscopic images for PLGA beads after encapsulation and
during evaporation.
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vibrational bending of carnosine imidazole (N-H),* stretching
at 800 cm~' from the IONR and the alkane (C-H) at
2200 cm™',* and a strong absorption peak at 1738 cm ™' from
the carbonyl (C=0) group stretching for the loaded polymer
beads.”® These results provided evidence that the carnosine and
IONRs were encapsulated with the PLGA, with the characteristic
bands overlapped in the spectrum of the new drug delivery
device (Fig. S31). Fig. 2 shows the blank beads of 0.1% PLGA
with sponge like shape. Increasing the concentration of the
PLGA to 1% showed a morphology of tight PLGA beads with less
holes on the walls. Rhodamine-B was used in 1% concentration
to trace the aqueous phase which will facilitate later indication
of carnosine during the carnosine encapsulation. A uniformity
in water phase distribution was observed with the confocal
images where the red seeds of water with similar size were
evenly spread inside the PLGA beads. The microfluidic double
emulsification using the microfluidic system was shown to be
a highly reproducible method to synthesis uniform PLGA beads
which ensure the uniformity of dosage form per sample.*
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Fig. 2 Empty beads, SEM images compare between the characterisation of empty (0.1%, 1% PLGA beads) and the uniform distribution of the
water phase inside the beads. IONRs beads, SEM images for IONRs loaded 0.1% PLGA beads, EDS mapping the blue colour of iron traces inside
the red carbon colour of the PLGA, and the iron peaks confirm the images. The histogram refers to a mean diameter size of 7.4 + 2.3 pm.
Carnosine beads, SEM images for carnosine loaded 1% PLGA beads, MS spectrum identifies the peaks of carnosine pattern. The histogram refers
to a mean diameter size of 11.6 + 7.0 um. Carnosine/IONRs beads, SEM images for (carnosine & IONRs) loaded 1% PLGA beads. The size of the
beads/shells shifts to be 10 times larger than the previous beads. All were open with fragile structure and most of the 10 um shells were destroyed.
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Following the hydrothermal synthesis to produce IONRs of 86 £
17 nm length,” the nanorods were encapsulated to obtain 0.1%
PLGA microbeads. The mean final diameter of the dry IONR
beads was 7.4 £ 2.3 um. The same method was applied to
produce the carnosine beads. However, the LC-MS detection
showed that carnosine leached from the beads. Thus, the
concentration of PLGA was changed to 1% with carnosine. The
size of carnosine loaded beads was 11.6 + 7.0 um. SEM/EDS for
(carnosine & IONRs) loaded 1% PLGA beads proved the size
shift of the beads and shells to be 10 times larger than the
previous beads. All beads were open with fragile structures and
most of the shells were destroyed (Fig. 2).

It is well established that the interstitial pressure, stiffness
and hyperproliferative pressure of fibrotic tumours can lead to
enhanced tumour growth development.””  Previously,
mitochondria-targeted iron oxide nanoparticles were designed
as nano-spinners to exert mechanical forces, under a rotating
magnetic field, towards the treatment of cancers.>*

Recently, it was proven that iron oxide nano-rods of around
70 nm are not localised in the mitochondria which make them
safer as drug carriers. However, the same nano-rods moved
from the stiff tumour tissue to the soft healthy surrounding
cells upon spinning them remotely by an external rotating
magnetic field (Fig. 3). A concentrated nano-rod suspension was
placed in a premade hole inside a 2% agarose gel to mimic the
movement of the nano-rods over time as a result of an externally
applied rotating magnetic field, applied in this case using
a rotating Halbach array (NdFeB N45, Bunting, Berkhamsted
UK). Image] was used to apply a threshold to the image showing
only the dark areas representing the nano-rods.*” This showed
a 2% increase, with an expansion of the perimeter of 25% after
the application of the rotating magnetic field. Thus, the nano-
rods did not cluster or aggregate though they did cause
disruption to the gel in which they were placed (Fig. 3).

An ex vivo study using 6 brains of sacrificed male mice
showed that encapsulating the iron oxide nano-rods inside
PLGA microbeads ceased the spreading of the IONRs. After
positioning the brain (2 mm lateral to the sagittal suture and
2 mm posterior to the coronal suture) 5 uL of IONRs suspen-
sions (free/encapsulated) were injected 3 mm deep using
a neuro-syringe, then were compared with empty PLGA beads.
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Fig. 3 The effect of a rotating Halbach array on a suspension of nano-
rods embedded in agarose (2% w/v) over time. Masking the dark areas
showed the difference before and after 3 hours of external magnetic
rotation.
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The empty beads had no effect on the signal intensity of the MRI
images, whilst the IONRs of 25 ppm and 50 ppm concentration
showed a decrease in signal intensity. In comparison, the IONR
beads of same concentration showed less contrast. A further
MRI analysis was undertaken simultaneously to evaluate this
process by determining the effective spin lattice relaxation time
constant (757) since the paramagnetic properties of the nano-
rods are known to shorten this value.*® The coronal images were
collected using the MRI system with multi echo imaging
sequence. The echo time was 7.8 ms and 32 echo images were
collected with a repetition time of 5000 ms. MATLAB (Math-
works, MA) was used to undertake pixelwise fitting of a mono-
exponentially function to the images to produce a 75" map. The
control empty beads 75" (601 ms) was higher than the free
IONRs 75 (336 ms) (Fig. 4). There is an observed decrease in the
spin echo when the IONRs were inside the beads. However, the
difference is not expected to be significant because the system is
designed to enable free rotation of the IONR, resulting in both
the shear and the contrast effects which will increase when they
release from the beads.

For carnosine investigations, the sustained release simula-
tion from PLGA beads was studied by performing a dialysis
membrane experiment. The mechanical rotation was created by
a magnetic stirrer bar rotating inside the membrane bag with
controlled speeds. The comparison was between 100 rpm which
simulates the human fluid dynamics and 1000 rpm which
demonstrates the potential shear stress from the rotation of the
IONRs.* The rotation of the IONRs produces both centrifugal
and shear stresses forces, much in the same way as the paddles
of the described dissolution apparatus in the British Pharma-
copoeia, dissolution testing monographs. Over a week of
mechanical stirring, the SEM images showed the beads devel-
oping holes into the inner chambers which allowed the
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Fig. 4 (A) Ex vivo MRl images of the mice brains injected with IONRs.
The location of injected beads of IONRs or controls is shown by red
circles. The colour codes the signal intensity which is proportional to
the value of T$™in ms. The signal is shown to decrease in intensity for
the 50 ppm and 25 ppm areas confirming the presence of a negative
contrast agent which is expected from the IONPs. (B) Comparative
curves of the control (left) and IONRs beads (right) showed the drop in
signal intensity as a function of echo time, with a steeper change in the
case of free IONRs indicating a shorter T§".
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carnosine to be released gradually. The samples were retained
for a month, then the beads were imaged empty (Fig. 5A). The
IONRs were well tolerated by the U87 malignant and differen-
tiated cells, and the tracking of the intracellular uptake showed
their safety and biodegradability.” All beads were purified using
bacterial filtration (sintered funnel grade 5; porosity 1 to 1.6 pM)
and sterilised with 70% ethanol. Swabs of each bead formula-
tion were applied to a tryptic soy agar (TSA) plate. The plates
were incubated at 35 °C for five days. No bacterial or fungal
colony growth were observed.

The final component for the beads was either PLGA loaded
with carnosine and the LC-MS was used for the assay, or PLGA
loaded with iron oxide nanorods which was measured by the
ICP-MS. The daily monitoring for the carnosine release by LC-
MS showed that 50% of the total carnosine was released after
24 hours. Afterwards, 10% of carnosine was released daily over
a week (Fig. 5B). The cumulative release of carnosine increased
20% as a result of the mechanical forces applied by the rotating
magnetic field. Dynamic light scattering (DLS) measurements
supported the change in the beads’ diameters (Fig. S47).

Finally, to investigate the potential application of rotating
magnetic fields for cancer treatment, we designed a combina-
tion formulation using carnosine loaded with IONRs to opti-
mise a controlled delivery and targeted treatment. A schematic
of the rotating magnetic system can be found in Fig. 6A and S5
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Fig. 5 Membrane dialysis experiment. (A) SEM images show the PLGA
beads in the beginning which had holes in the structure after a week
and became completely empty after a month. (B) The LC-MS cumu-

lative analysis for the released carnosine shows faster release from the
beads which were exposed to the higher mechanical rotation.
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Fig. 6 (A) Schematic illustration for the rotating magnet system

designed for this application. The arrows indicate the direction of the
magnetic field which produce an intense uniform magnetic field within
their central air gap, and zero field outside. (B) LC-MS assay for the
normalised concentrations of carnosine show the advantage of using
the hydrophobic chip (dark curves) the hydrophilic chip (light curves)
for the initial emulsification. (C) LC-MS assay for the normalised
concentrations of carnosine show the comparison between adding
the encapsulated IONRs to the carnosine before or after the initial
emulsification. Curves with light colours are for beads before the
application of magnetic field and the curves with dark colours are for
after the application of magnetic field. Red spheres are carnosine and
black rods are IONRs. The dotted lines are trend lines fitted to the
normalised concentration of the released carnosine.

supported the magneto mechanical non-heating effect for a 1
Tesla rotating magnetic field during the first 30 minutes at
20 Hz." To enhance the potential clinical uptake of this anti-
cancer medical drug delivery device, PLGA-based carrier and
Fe;0,4 SPIOS were targeted as a pre-approved FDA reagent for
therapeutic applications.*® Micro-scale beads are predicted to
circulate in vivo without aggregation while the submicron size of
nanoparticles enable enhanced intracellular uptake.”* The car-
nosine was observed to leach out of the beads due to its
inherent smaller sizes and flexibility. A concentration of 1%
PLGA was sufficient to retain the embedded carnosine and be
released via the rotation of IONRs from the beads, while at 0.1%
PLGA the dug was lost to the media without any stimuli.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The preparation of the beads was reproducible under the
same parameters of flow rate and pump pressure at room
temperature. The drug release experiment using the magnetic
field as a trigger, showed the trend of the release and moni-
toring the release by the IONRs imaging, is key for personalising
the release in response the tumour recurrence, incuding loca-
tion, size, and resistance.

Although the flow speed dominates, directing the liquids
towards creating a central stream for the inner phase, changing
the hydrophobicity of the micromixer chip to match the outer
phase of the emulsion was critical in each step (Fig. 6B). The
drug entrapped in a PLGA matrix was released at a sustained
rate because of the degradation of the polymer which can be
varied according to the block copolymer molecular weight and
composition.*® Each type of nano-shell (IONRs and carnosine)
could be packaged in PLGA beads separately or as a mixture,
before the second emulsification. Mixing the IONRs with the
carnosine before the initial emulsion showed a reduction in the
detection of carnosine over 3 hours (Fig. 6B). The carnosine was
attached over time on the surface coating of the IONRs and
retained until triggered by mild hyperthermia as we previously
demonstrated.” However, mixing the separate shells of carno-
sine and IONRs produced unstable beads, and both leaked out
during the evaporation step. The ICP-MS assay supported the
instantaneous release for the IONRs (Fig. S6t). The formulation
of 1% PLGA carnosine beads and 0.1% PLGA IONRs beads
found similar outcomes to the dialysis experiment by showing
a surge in the total amount of carnosine when the nano IONRs
were spun for 30 minutes. Having the IONRs in the same
vicinity with the carnosine attracted the carnosine out of the
beads because of electric surface charge forces. However,
applying the non-heating 30 rotating magnetic field for 30
minutes increased the speed of carnosine release due to
mechanical micro-deformation of the PLGA outer structure with
the rotating nano particles (Fig. 6C). This degradation is an
outside-in mechanical process, whereas in vitro inside-out
degradation is thought to occur in PLGA microbeads as
a result of the autocatalytic process.>

The comparison between the three previous formulations
showed how changing any parameter may result in a critical
change. However, these variables could always be utilised to
produce different types of PLGA beads for controlled, delayed,
or sustained release. Freeze drying the beads is crucial for
long-term stability and storage conditions (4 °C/ambient
humidity).>*° This keeps the product ready to be rehydrated
with sterilised water at the time of use. However, measuring
zeta potential showed that applying gentle vacuum drying
reduced the fragility of the beads which resulted in carnosine
being released as waves over 15 days instead of the single
initial burst (Fig. S71). The stability of the beads should be
taken into consideration owing to the fact that buffers contain
relatively high sodium ion concentrations that are known to
disturb electrostatic repulsion effects. The inclusion of serum
in the media is essential, as its associated proteins are
predominantly negatively charged at physiological pH, and
therefore sterically hinder any potential agglomeration
(Fig. s87).*”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

Previously, we have demonstrated that carnosine inhibits the
proliferation of glioblastoma U87 cancer cells, thereby reducing
the risk of metastasis.” Therefore, the drug delivery system
presented in this communication offers the potential to be
implanted into the post-surgical cavity and used as a compli-
mentary treatment to improve the prognosis of this devastating
disease. As such, we are currently working towards an in vivo
mouse model to demonstrate the potential clinical viability of
this work.
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