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ABSTRACT OF THE DISSERTATION

Acute and Chronic Neural Stimulation

via Mechano-Sensitive lon Channels

by

Andy Tay Kah Ping
Doctor of Philosophy in Bioengineering
University of California, Los Angeles 2017
Professor Michael Teitell, Co-Chair

Professor Dino Di Carlo, Co-Chair

Neural stimulation techniques for eliciting calcium influx can elucidate the physiological
roles of specific neural populations. To overcome some of the limitations of existing techniques
such as poor specificity and noxious effects of heat, |1 developed a technology for non-invasive
control of neural activities using magnetic forces and magnetic nanoparticles (MNPs) which offer
deep tissue penetration and controllable dosage. Extensive investigations with different neuro-
toxins and experimental conditions support that the mechanism of magnetic stimulation that
involves membrane-bound MNPs transducing magnetic forces into mechanical stretching of the
cell membrane to enhance the opening probability of mechano-sensitive N-type calcium ion
channels to induce calcium influx.

Making use of the ability of neural networks to actively regulate their ratio of excitatory to

inhibitory ion channel/receptor, | also performed chronic magnetic stimulation on fragile X
ii



syndrome (FXS) model neural networks. We found that chronic magnetic stimulation reduced the
density of N-type calcium ion channels whose expression is increased in FXS. This technique
demonstrates the potential of using bio-magnetic/mechanical forces to modulate expressions of
mechano-sensitive ion channels where they are over-expressed in diseases such as abnormal
nociception.

Nonetheless, there are still a few areas where the technique can be improved. Firstly, it is
the use of MNPs with more uniform properties to have greater control on magnetic stimulations.
Secondly, the technique needs to be useful for in vivo studies. Therefore, | started researching on
magnetotactic bacteria (MTB) which produce biological MNPs with superior properties such as
uniform sizes and highly homogenous magnetic properties with the goal of harvesting MNPs from
them.

MTB, however, grow extremely slowly and the number of MNPs produced/bacterium is
low. One way to overcome this problem is to evolve MTB over-producers of MNPs but this
strategy is constrained by the absence of a selection platform that is quantitative and offer high
throughput. To overcome this problem, I combined random chemical mutagenesis and selection
using a magnetic ratcheting platform to generate and isolate MTB over-producers that produce
twice as many MNPs/bacterium after 5 rounds of mutation/selection. | next designed a magnetic
microfluidic device and demonstrate as a proof of concept, that it can be coupled to a bioreactor

for high throughput microfluidic selection of MTB over-producers.
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Chapter 1: Micro- and Nano-Technologies to Probe Brain Mechanobiology

1.1 Introduction

In this chapter, I discuss the limitations of conventional tools for probing the mechano-biology of
the brain and summarize published literature on micro- and nano-technologies to investigate neural
mechanobiology with greater spatiotemporal resolution.

Technological advances and the growth of interdisciplinary research has now enabled the
mechano-phenotyping of cells, enhancing our knowledge of the role of biomechanical forces
(tension, pressure, shear, torque, stiffness (Young’s modulus) etc.) on stem cell differentiation,*
cancer metastasis® and malaria infection.® Similarly, there is now a growing number of publications
of the role of biomechanical forces during brain development and neural development-related
diseases in which understanding the mechanisms that allow neurons to sense, transduce and
respond to mechanical stimuli, and the key molecules involved in the mechanisms has come to the
forefront (Fig. 1A).*

Neurons continuously experience biomechanical forces that can affect their gene
expression,® neurotransmitter release,® neurite outgrowth’ and network connections.® In diseases
such as autism spectrum disorder (ASO)® and traumatic brain injuries,'® brain tissue misfolding
has also been observed, suggesting the importance of biomechanical forces in guiding proper
cognitive development and recovery (Fig. 1B).

To investigate the effects of biomechanical forces on neurons, conventional tools such as
glass pipettes, atomic force microscopy! and osmotic pressure'? have been utilized. However,
these methods have extremely low throughput, require expensive equipment, and are not

compatible with repeated and long term observation of the same cell/population (Table 1).3



Advances in micro-fabrication have made engineering micro- and nano-technologies
possible for electrophysiological recordings on soft substrates' and likewise to apply
biomechanical force on neurons.*® Micro- and nano-technologies making use of micro-channels
or functionalized nanoparticles can offer high spatial and temporal resolution for applying
biomechanical forces in a high throughput fashion.'® In addition, these technologies match the
length scales of cells, require smaller number of cells and less reagents, and have efficient nutrient
and waste transport to enhance neuronal viability.*®” Micro- and nano-technologies also do not

require expensive and bulky equipment, and can be more easily adopted in laboratories (Table 1).
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Fig. 1 Cumulative publications on micro- and nano-technologies capable of studying the role of biomechanical
forces on brain function. (A) Literature search was performed using Google Scholar, PubMed and ScienceDirect
databases. Key words ‘micro’, ‘nano’, ‘neurons’, ‘neural’, ‘brain’, ‘mechanics’, ‘neurite’, ‘technologies’ were used
in various combination and with the Boolean operators ‘+/AND’, “*/unknown’ and ‘OR’. The year range was
restricted from 2005 to 2015. (B) Biomechanical forces can influence brain function at various length scales and
hierarchy such as gene expression, synapse formation, neurite outgrowth and cortical folding. Image: ion channels
reproduced with permission from [18]/ Nature Publishing Group. Reproduced with permission from the Royal
Society of Chemistry.

1.2 Tools to explore the effects of biomechanical forces on the brain
Research over the years has unraveled various mechanisms or cellular components responsible for

sensing mechanical stimuli in neurons: (i) the viscoelastic plasma membrane that consists of a



phospholipid bilayer that shows frequency dependent changes in tension and viscosity (Maxwell
material) in response to mechanical stimuli that can trigger conformational changes in mechano-
sensitive ion channels,®® (ii) the polymerization and de-polymerization of actin monomers into
polymers? that is implicated in axonal growth cone dynamics?* and dendritic spine plasticity,??
(iii) microtubules that can generate forces via polymerization of af-tubulin dimers or catastrophic
de-polymerization that can influence intracellular cargo transport and dendritic spine
morphology,? (iv) neuro-filaments which are abundant cytoskeletal proteins in myelinated axons?*
that are proposed to provide mechanical protection to the brain against compressive loads such as
during injury®® and (v) the extracellular matrix and cell adhesion molecules that provide a
mechanical framework for cellular growth and can influence signal transduction.?® As the
mechanisms for mechanical stimuli sensing in neurons are not the focus of this review, we refer

the readers to Tyler et al.* and Tsunozaki and Bautista?” for a more comprehensive overview of

this topic.

1.2.1 Conventional tools

The neuroscience community has developed and conventionally used a few techniques to probe
the mechano-biology of the brain. Pressure can be exerted on neurons using micro-motor-driven
glass pipettes and glass pipettes delivering solution of different osmolality to the neurons. Fluid
shear stresses can also be generated using perfusion. These aforementioned techniques are
compatible with traditional patch clamp approaches to measure the electrical activity of mechano-
sensitive ion channels. Atomic force microscopy and deformation of flexible substrates are more

recent tools developed to investigate the effects of biomechanical forces on neurons. Although it



is still a challenge to integrate them with patch clamp, these latter methods exert more precise

forces on neurons.

Motor-driven pressure: In this method, positive focal pressure is applied via a piezoelectric
micro-stage with user-input step size and step velocity to create membrane deformations (Fig.
2A).%8 The cell body is voltage-clamped in a whole-cell configuration and the neurite is stimulated
with a polished glass probe with concurrent electrophysiological recordings to correlate
mechanical stimuli with stimulus-induced current. Using this technique, it is possible to investigate

the relationship between the kinetics of membrane deformation and mechanical sensing.?®

Patch membrane pressure: This technique is similar to traditional patch clamping where a
negative/positive pressure is applied to a patch membrane via a patch pipette. The induced
membrane deformations are then correlated with data from concurrent electrophysiological
recordings (Fig. 2A).2° The size of the patched membrane can also be varied for single ion channel
recordings. Calibrated pressure can be applied to the cell, and parameters such as different step
size and period between step sizes can be defined by the user. One key advantage of this technique
is the ability to deliver neuro-toxins or inhibitors to the neurons via the solution in the patch pipette,
and to investigate the role of different ion channels responsible for responding to mechanical
stimuli.®® Absolute membrane capacitance can also be determined using this technique by fully

dilating the cells followed by measuring the cell diameter.

Osmotic pressure: In this technique, bath compositions with varying osmolarity can be used to

induce cell shrinkage (hypertonic solution) or cell swelling (hypotonic solution) (Fig. 2A).%°

4



Deformation of the cell membrane in response to changes in osmotic pressure is then measured
and correlated to changes in electrophysiological recordings. Nonetheless, osmotic pressure does
not generate uniform tension in the cell membranes attributing to heterogeneous lipid membrane

composition. This limitation complicates data interpretation.®

Fluid shear stresses: Shear stresses can be applied to neurons by perfusing solution with a certain
shear rate and viscosity across the seeded neurons (Fig. 2A).% It has been found that shear stresses
can induce signal transduction and upregulation of Bcl-1, a regulatory protein of cell death.%
Similar to some of the described techniques above, this method can be used in tandem with
electrophysiological recordings and to correlate changes in neuronal physiological activities with

shear-stress induced gene expressions.

Deformation of flexible elastomer: In this technique, a calibrated vacuum pressure chamber is
used to distend a flexible elastomer substrate to mechanically stretch and relax the seeded neurons
(Fig. 2A).% The substrate can also be patterned with proteins to create protein gradients®**® with
different stiffness® and topographies such as grooves to influence neuronal growth.®”33 This
method offers much higher throughput compared to the aforementioned techniques which assess
mechanically evoked responses one cell at a time. Using this technique, scientists have found that
mechanical stresses can mediate synaptic transmission and that applied tensions on neurites can
preferentially favor the fate of neurites to become the axons which are typically longer than

dendrites.



1.2.2 Micro-technology tools

Atomic force microscopy (AFM) and micro-cantilever: AFM makes use of a functionalized
cantilever tip to form a bond with a molecule of interest on the cell membrane.3® Deflections of
the tip are used to construct a topographical map of the cell surface and can even be used to image
3D-sub-cellular features. The equipment can apply force and measure the force generated by the
interactions between the functionalization molecule and membrane molecule. However, neurons
can be detached from the surface of adhesion when the applied force is too great and care must be
taken to avoid this.*

Gopal et al. described a 1D-microfabricated silicon cantilever probe combined with
photonic nanogratings.*® The probe displacement which is correlated to the applied biomechanical
force can be calculated through the grating transmission spectrum. However, this technique is not
compatible with 2 or 3D studies and there has been no subsequent follow-up study to further

validate its use in researching the mechano-biology of the brain.

Micro-channels and micro-patterning: Various designs for 3D microfluidic chambers are
available for modelling axonal growth, injury and recovery.3%4%42 In most designs, the surfaces of
the microfluidic chambers are patterned with adhesion proteins for directional growth3* and the
chambers are separated by a filter composed of microgrooves that allow only neurites but not cell
bodies to grow through, thus separating the cell body from neurites (Fig. 4A).** High fluidic
resistance is offered by the microgrooves which leads to diffusion-dominant transport of nutrients
from one chamber to another that enables neuronal survival.*? As axons typically grow faster than
dendrites,* it is thus possible to isolate axons and use the system as a model for assessing the

impact of biomechanical forces (such as using valves to apply pressure) on axonal injury and



recovery.* Pulsed laser excitation has also been integrated with micro-channels to induce acute
axonal injuries and such systems can offer high throughput results for drug screening to accelerate
axonal recovery.*® Co-culture microfluidic platforms when combined with micro-technologies to
exert mechanical forces on seeded neurons, astrocytes and oligodendrocytes can also be developed

to investigate the role of different neural cells in neuronal development, injury and recovery.*®

Potential tools: Progress in droplet microfluidics has enabled the generation of droplets having
different sizes, composition and shapes.*’ Campas et al. described the use of fluorescent oil micro-
droplets to determine cell generated mechanical forces during tissue morphogenesis.*® Surface-
functionalized droplets introduced among the cells are subjected to local deformations as the cells
develop. With the use of confocal microscopy and modelling, the group could quantify the forces
exerted by different cells in a 3D tissue environment. It would be interesting to synthesize micro-
droplets with rapidly adjustable surface tension controlled by light, temperature or pH and utilize

them to apply or measure mechanical forces on neurons in living tissues.

There have also been reported literature making use of microelectromechanical system (MEMs)-
resonators for probing the mechano-biology of cancer and neural cells. Corbin et al. first modelled
the relationship between resonant shift effects and viscoelasticity of cells.*® They next measured
the frequency shifts from pre- and post-fixed breast cancer cell lines and found that more invasive
cancer cells are softer and less stiff. Their results correlated well with measurements from AFM
and clinical studies showing greater malignancy with softer cancer cells. Previously, Corbin and
co-workers also made use of MEMs-resonators with media flow to measure the mass and growth

(establishment of polarities, axonal elongation) of individual neural cells.>®



Park and colleagues also introduced the vibration-induced phase shift method to understand cell
stiffness by measuring the phase and amplitude of its height oscillations using a laser Doppler
vibrometer.5! This technology has shown potential for long-term study of single cells with minimal

perturbations.

It has been reported by several groups that neuronal maturation and growth are favored in softer
substrates.>? One application of MEMs technologies can be to understand whether the stiffness of
individual neural cells relate with their preferred growth environment. It is also high exciting to
further develop MEMs to correlate cellular biophysical properties to physiological parameters such
as gene expression, neurite outgrowths and synaptic transmission. Future ideas for this field would
include development of platforms for measuring correlation of vibrational activity of neural cells
with calcium-mediated signaling and multi-modal out-of-phase measurements of cells with

functionalized beads.

1.2.3 Nano-technology tools

Ferromagnetic nanoparticles and magnetic forcing: Ferromagnetic nanoparticles (MNPs) can

be quickly magnetized in the presence of a magnetic field. Micro-devices patterned with magnetic

elements have been fabricated to establish steep magnetic gradients to enhance the magnetization

of MNPs and resulting forces on neurons.> It has been shown that internalized MNPs can influence

the protein tau distribution which affects the polarization of neurites for axon formation.>*
Calcium is an important second messenger that is implicated in various signaling pathways

that regulate gene expression.* In order to act as a specific second messenger, cytoplasmic calcium



concentration is maintained at a much lower concentration (100-300 nM) compared to
extracellular spaces (1-3 mM) and endoplasmic reticulum (10-100 puM).>® There is significant
interest to manipulate calcium levels, especially in neurons where calcium dynamics within
dendritic spines are associated with synaptic plasticity in neural networks.’” Tay et al. have
demonstrated that membrane-bound MNPs can trigger calcium influx in cortical neural networks

patterned onto micro-fabricated devices with magnetic elements (Fig. 2C).®

Piezoelectric nanoparticles and ultrasound: Nanoparticles composed of materials such as
barium titanate have piezoelectric properties and can be used to transduce ultrasound energy into
mechanical perturbations and electricity.>® Piezoelectric nanoparticles that bind to membranes
have shown potential to elicit calcium and sodium influxes into neurons upon wireless ultrasound

stimulation in a dose-dependent manner (Fig. 2C).%°
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Fig. 2 Conventional, micro- and nano-technologies to probe the mechanobiology of the brain. (A) Conventional
tools include the use of glass pipettes to apply positive and negative pressure which can be integrated with
electrophysiological recordings. Fluid shear stresses and osmotic pressure techniques have also been used but they
are generally limited by non-uniform generation of tension on the neurons. Neurons can also be seeded onto protein-
coated substrates with various stiffness and chemical gradients and be subjected to mechanical stretching. Image
inspired by [*]. (B) Micro-technologies facilitate precise spatial control of neuronal seeding and axonal growth.
Using multi-compartment microfluidic devices, flow-induced pressure, fluid shear stresses and vacuum aspiration
can be applied. Owing to the high flexibility of substrates, mechanical forces can also be applied to neurons or sub-
cellular components via substrate pulling or compression. Magnetic nanoparticles and pulsed laser techniques have
also been integrated with micro-technologies to increase the spatiotemporal control of force application. (C)
Nanotechnologies make use of neurons seeded onto surfaces that impart magnetic gradients where upon magnetic
force application, intracellular protein distribution can be biased and calcium influx can be triggered. Ultrasound
has also been coupled with piezoelectric nanoparticles to perturb mechano-sensitive channels and generate electric
fields to trigger calcium influx. Reproduced with permission from the Royal Society of Chemistry.
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Table 1 Comparisons of tools used to probe mechano-biology of the brain

Methods

| Information from technique | Advantages

| Disadvantages

Conventional

Motor-driven
pressure

Patch
membrane
pressure

Osmotic
pressure

Fluid shear
stresses

Atomic force
microscopy

Stretching of
flexible
elastomer

Correlation of membrane
deformations (magnitude,
Kinetics) to changes in
electrophysiology
Activity changes in single
ion channel *[only patch]
Usually one-off
measurements

Cellular responses to
shear stresses (magnitude,
direction)

Potential for long term
monitoring

Cell stiffness

Cell elasticity

Usually one-off
measurement

Cellular response to
mechanical forces
(direction, magnitude,
frequency)

Compatible with patch
champing

Compatible with patch
champing

Compatible with patch
champing

Compatible with patch
champing

Can investigate specific
molecular interactions for
mechanical sensing

Higher throughput

Can be combined with
micro-electrode arrays
for electrophysiological
recording

Low throughput

Expensive equipment

Steep learning curve for users

Sensitivity of step size is dependent on motor

Low throughput

Expensive equipment

Steep learning curve for users

Sensitivity of step size is dependent on motor

Low throughput
Steep learning curve for users
Non-uniform tension in membrane

Low throughput
Non-uniform shear stress on neurons

Low throughput
Cell detachment from surface

Cell detachment

Difficult to integrate with patch clamping
May generate non-uniform tension in
membrane
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Potential for long term
monitoring

Micro-technologies

Multi- °
compartment
micro-

channels

Cellular growth, injury
and recovery in response
to mechanical forces
(magnitude, direction,
duration)

Response of different
neural cells to applied
mechanical forces

Roles of different neural
cells and chemicals in
neuronal recovery after
injury

Concomitant monitoring
of cellular responses such
as calcium signaling,
up/down-regulation of
genetic pathways in
response to mechanical
forces

Results from long-term
studies

Low cost

High throughput
Co-culture is possible
Compartmentalization
Controlled laminar flow
Similar length scale to
cell size

Easy for large-scale
manufacture

Tunable mechanical
properties such as
stiffness

Compatible with
microscopy due to
transparent material
Efficient nutrient
delivery and waste
exchange to enhance
neuronal viability

Fine spatial (with surface

patterning and micro-
structures) and temporal

control of neurochemical

environment

Unknown leaching of chemicals through
micro-channel walls such as inhibitors added
for experiment

Ways for sealing of micro-channel openings
need to be developed as water evaporation
can also generate unwanted forces on seeded
neurons

Reproducibility of force application may be
low in certain configurations, and thus
modeling and experimental validation prior
to testing with neurons are desired.

Not suitable for growing certain neurons
such as motor neurons from spinal cord due
to small size of micro-devices

Nano-technologies

Ferromagnetic e
nanoparticles

Local and specific
response of different

Remote control
High throughput
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Nano-toxicity
Requires magnetic gradients to enhance
magnetic force strength



Piezoelectric
nanoparticles

neural cells to applied
mechanical forces
Cellular responses to
mechanical forces applied
at much higher temporal
resolution than other
techniques can offer
Sensitivity of different
neural cells to a wide
magnitude range of
mechanical forces
Results of chronic
stimulation for long term
studies

Quantifiable mechanical e
forces

High spatiotemporal o
resolution

Non-invasive method of
force application
Nanoparticles with

different surface groups,
charge and sizes can be

used for specified

targeting

Remote control

High throughput
Quantifiable mechanical
forces

High spatial (2D) and
temporal resolution
Non-invasive method of
force application
Nanoparticles with
different piezoelectric
properties such as crystal
structures can be used

May require surgery to implant magnetic
chips/elements into brain tissues
Numerous mechano-sensitive ion channels
may complicate specific targeting

Nano-toxicity
Poor penetration of ultrasound through the
skull
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1.3 Effects of biomechanical forces on cellular functions

In this section, the effects of biomechanical forces on gene expression, ion channels, and cellular
and tissue level behaviors of neurite outgrowths to brain folding are described. Micro- and nano-
technologies employed in related studies are also reviewed. However, as seen from Fig. 1A, the
number of publications in this field is still growing, and therefore, potential integration of micro-
and nano-technologies are also proposed to provide readers with new potential areas of research.
The literature is intentionally arranged to show the progression from the genetic to cellular and
organ level. Although the effects of biomechanical forces on the brain are described in different

sections, it must be noted that fundamentally, they are inter-connected as shown in Fig. 3.

Biomechanical

forces
P -

\
: Mechano-sensitive ion
! channels open ,

""""""" Piezoelectric NPs
Ca? influx

Y
1
1
1
1
1
1
1
1
1
1
1
1
1

Ferromagnetic NPs

______________

____________

] \ Solution washing
| Cargo transport | |Synaptic transmission|
'

f Micro-dialysis

- ~

Multi-component micro-channels
Neurite outgrowth P

_ J Microelectromechanical systems
sInitiation * Elongation * Axonal fate « Recovery
¢ Stretching flexible substrate
- ~ Magnetic tweezers
Circuit & networks Pulsed lasers

" J/
Distribution of mechanical tension Ferromagnetic NPs

( ) Brain slice chambers

Brain folding & diseases

\ y ‘Worm on a chip

Fig. 3 Graphical summary of most of the research findings described in this review. Left: influence of
biomechanical forces on mechano-sensitive ion channels leading to calcium influx and gene transcription. This
then affects neurite outgrowth and neuronal networks, eventually culminating with an impact on brain folding and
brain-related diseases. Right: micro- and nano-technologies that have been developed to interface at the different
levels (color-coded). Reproduced with permission from the Royal Society of Chemistry.
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1.3.1 Regulation of gene expression and calcium influx

Biomechanical forces play a pivotal role in regulating gene expression in mechano-sensory
neurons responsible for touch sensations and pain sensation (nociception).®* Mechano-sensory
neurons transduce mechanical forces into electrical signals via mechano-sensitive ion channels.?
Two main mechanisms have been proposed to understand how forces can activate mechano-
sensitive ion channels: (i) the lipid bilayer stretch model where tension in the membrane triggers
conformational changes such as membrane curvature, resulting in opening of ion channels. This is
the simplest model and was derived from studies on MscL and MscS that allow Escherichia (E.)
coli to sense osmotic stresses® and (ii) the spring-like tether model where an external molecule
binds directly to mechano-sensitive ion channels and upon deflection by external stimuli, the tether
opens the ion channels.®? Readers can refer to Chalfie et al. for a more thorough review of the
different mechano-sensory genes.%

Conventional: The mechanosensitive nature of ion channels discovered thus far had relied
on conventional tools such as glass pipette and osmolality changes. Due to the extensive literature
in this area, only selected studies using different conventional techniques will be reviewed. Table
2 shows a list of mechano-sensitive ion channels.

Zhang and colleagues induced swelling and shrinkage of magnocellular neurosecretory
cells (MNCs) by changing pipette pressure or osmolality of injected fluid and found that
osmosensory transduction is a reversible mechanical process that depends on an intact actin
cytoskeleton.®® The team also found that volumetric changes triggered mechanical gating of the
stretch-inhibited cation channels which led to change in channel conductance as measured with
patch clamps. Similar experiments were also performed by Viana et al. who investigated the effects

of hypo-osmotic membrane stretch on intracellular calcium concentration and found that the
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pattern and rate of calcium influx could be correlated to the different functional sub-types of mouse
sensory trigeminal neurons.®

The patch pipette technique has also been used in numerous studies to elucidate the
mechanical-sensing properties of ion channels. For instance, Vilceanu and Stucky performed focal
mechanical stimulation by applying patch membrane pressure on dorsal root ganglion (DRG)
neurons and found that the TRPAL ion channel mediates the slowly adapting mechanically
activated currents.®’

Bhattacharya et al. radially stretched primary somatosensory neurons and found that sub-
populations of neurons (identified by their molecular markers and sizes) could be activated by
different stretch intensities.3® Although calcium influx was observed in all sub-sets of neurons,
different neurons displayed different sensitivity to stretch. This study is highly insightful as it
revealed that even within the TRPV1 ion channels, those that were dually sensitive to hydroxy-a-
sanshool and capsaicin were stretch sensitive while those that were dually sensitive to capsaicin
and menthol were stretch insensitive. The results highlighted the utility of technologies capable of
providing precise and reproducible force ranges to understand the mechano-sensitivity of different
sub-populations of neurons in the nervous system.

Micro-technologies: Microfluidic devices have been designed to investigate the influence
of biomechanical forces on the gene expression in stem cells®® and cardiac cells,®® but no similar
device has yet been adopted by the neuroscience community. 3D microfluidic devices can be
coupled to equipment such as micro-motor and syringe pump-driven flows to apply mechanical
stretching and shear stresses to cultured neurons. The magnitude and frequency of the forces is
user-controlled and cultured neurons can be harvested easily from the micro-channels using trypsin

for downstream gene expression studies. Nonetheless, this method is only suitable for study of the
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bulk population and to explore the heterogeneous response of sub-populations of neurons to
mechanical forces, single cell analysis may be integrated as a downstream assay after mechanical
stimulation in microfluidic chambers. Such studies will be crucial to reveal the relationship
between biomechanical forces and their effects on gene expression to excite neurobiologists about
this area of research.

Nano-technologies: Although conventional tools have been useful to discover the
mechano-sensitivity of many ion channels, their low spatiotemporal control of mechanical force
application might not have provided the most accurate description of the properties of the ion
channels. For instance, the force threshold for opening of mechano-sensitive ion channels cannot
be captured using conventional tools which have minimum applied forces larger than the force
threshold of ion channel activation. Furthermore, conventional tools such as changing osmolality
creates non-uniform tension on the membrane which can complicate data interpretation. In these
aspects, nano-technological tools that are able to provide uniform mechanical forces with much
higher spatiotemporal resolution can further elucidate the properties of mechano-sensitive ion
channels.

Marino and co-workers utilized piezoelectric barium titanate nanoparticles with tetragonal
configuration that preferentially bind to the surface of neurons to trigger calcium and sodium influx
upon ultrasound stimulation (Fig. 4E).%° This method can facilitate remote control of neuronal
circuitry in a non-invasive manner and has demonstrated that the induction of calcium influx can
enhance neurite outgrowth and bias the direction of neurite growth,> making it a compelling
potential nano-therapeutic method. To understand the mechanisms for calcium influx, the authors
showed that treatment with gentamycin, an inhibitor of some mechano-sensitive ion channels,”

did not affect the calcium transients. Nonetheless, gentamycin is unable to inhibit all mechano-
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sensitive ion channels.”* We speculate that the use of piezoelectric nanoparticles might still have
interacted with mechano-sensitive ion channels, which contributed to parts of the calcium influx.
While the ultrasound technique demonstrates an attractive means of remotely controlling the brain
circuits, it must be acknowledged that ultrasound penetration through the brain is still limited."
Furthermore, as the neurons used in the experiments are differentiated from neuroblastoma cells
which have large size variations, the observed large amplitude calcium influx may be a
consequence of large cell size and not ultrasound stimulation.” Lastly, the authors only
demonstrated calcium influx in single cells but not propagation in neural networks which is crucial
to understand brain functions.”

Tay et al. have also demonstrated the induction of calcium in cortical neural networks using
magnetic force stimulation with membrane-bound MNPs (Fig. 4F).*® An average of 20%
increment in calcium fluorescence signals (observed by fluo-4 fluorescent calcium indicator) and
a heightened frequency in calcium spiking was observed in stimulated neural networks. The team
also inhibited N-type mechano-sensitive calcium channels with w-conotoxin and found that the
stimulatory effects of the magnetic forces were diminished. Nonetheless, further work with
different neuro-toxins such as tetrodotoxin and patch clamping are necessary to confirm the
specific targeting of N-type calcium channels.

As illustrated in Fig. 3, mechano-sensitive ion channels are a critical link between calcium
influx and downstream effects such as modification of gene expressions and neurite outgrowths.
Nano-technological tools offering higher spatiotemporal resolution and capability to generate
precise and reproducible force range on the neurons can be employed in in vitro and in vivo studies

to map out how the strength and frequency of calcium signals affect neuronal functions.
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Table 2 List of some mechano-sensitive ion channels

lon type Channel (year of discovery) Mechano-related application (year of application)f
K* Shaker (Kv1) (1969)" N.A.
TRAAK (K2p4.1) (1995)7 N.A.
Na* Nay1.5 (1984)" N.A. Note: Nay1.5 is found primarily in cardiac muscle cells.
Ca? N-type (1985)"® Membrane bound ferromagnetic nanoparticles activate N-type Ca?* channels to

trigger Ca* influx via lipid membrane stretching (2016)%8

Mixed  TRPV1 (1969)" TRPV1 is not sensitive to mechanical stimuli but instead its heat-sensitive property

cationic is exploited to control worm movements (2010)2° and induce calcium influx using
generated heat from MNPs (2015)%!

PIEZO2 (2010)% NPs with piezoelectric properties have been used to trigger calcium influx but the

connection to PIEZO?2 is not yet demonstrated (2015)

Cl CFTR (1989)% N.A. Note: CFTR is found primarily in lung epithelial cells.

K1: voltage gated K* ion channel; 2P: 2 pore domain; TRAAK: TWIK-related arachidonic acid stimulated; Nay1.5: voltage gated Na* ion channel; TRPV1:
transient receptor potential cation channel subfamily V member 1; PIEZO: piezo-type mechanosensitive ion channel component 2; CFTR: cystic fibrosis
transmembrane conductance regulator. Refer to [4] for more examples of mechano-sensitive ion channels.

A few interesting observations can be made from Table 2:

(1) There are a few biomedical applications that attempted to modulate the activation of Ca%* ion or mixed cationic channels as Ca?* is an important second
messenger for intracellular signaling and cell control. On the other hand, Na*, K* and Cl ion channels have not found use in related applications yet. These may
be because the latter ions are implicated in action potential generation and have lower sensitivity to mechanical forces. Therefore, triggering their opening is less
specific and may have adverse downstream consequences.

(2) Biomedical applications modulating ion channels usually made use of nanoparticles. One interesting idea is to doubly conjugate nanoparticles with target
peptide specific to an ion channel for specific mechano-activation and antibodies to specific brain regions for nano-therapeutic applications.

(3) There is an unusually long time gap between the discovery of the ion channel and using the ion channels for biomedical applications. We expect that enhanced
collaboration between neuroscientists and engineers can reduce the time gap.
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1.3.2 Regulation of synapses and neurotransmitter release

As discussed earlier, calcium influx can be triggered by mechanical forces via the mechano-
sensitive ion channels. The resulting calcium influx is strongly tied to the release of
neurotransmitters encapsulated in vesicles at the pre-synaptic terminal and subsequent fusion of
vesicles at the post-synaptic terminal .8 Siechen and co-workers found that vesicle clustering at
the neuromuscular presynaptic terminals of embryonic Drosphila depended on the mechanical
tension in the axons.® In severed axons which are slack, vesicle clustering was absent; however,
vesicle clustering was restored with the application of mechanical tension to the severed end of
the axon. Vesicle clustering was also observably increased when mechanical tension was applied
to axons indirectly via the post-synaptic muscle. The team proposed that tension could influence
actin polymerization and de-polymerization which preceded vesicle clustering.® This observation
suggests that mechanical tension can modulate vesicle clustering at synapses, and thus may
mediate the strength of synapses, plasticity and memory.

Conventional: Fan et al. constructed a device where a brain slice were placed between
screws and rotation of the screws would result in uniaxial stretching of the brain tissues and
neurons residing in them.®® Synaptic excitability was observed to be modulated by mechanical
tension and repeated mechanical stimulation resulted in cumulative excitability. An interesting but
still unexplained observation is that hyper-osmolality can induce enhanced release of
neurotransmitters. Making use of stretch motor and changing the osmolality of the solution,
Kashani and co-workers found evidence that both stretch and hyper-osmolality triggered
neurotransmitter release in the frog neuro-muscular junctions, supporting the influence of

biomechanical forces in regulating synaptic activities.®’
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Micro-technologies: Nerve and muscle cells communicate via neurotransmitters at the
neuromuscular synapse to coordinate mechanical responses to stimuli. Tourovskaia et al. made use
of a microfluidic device to apply agrin, a proteoglycan,® focally to protosynaptic acetylcholine
receptors (AchR) in muscle cells. After 4 h of agrin exposure (100 nM), it was found that there
was enhanced aggregation (10%) and reduced loss of AchR (17%) at the agrin-treated areas.®® This
platform can be modified to study the formation, pruning and aggregation of vesicles or receptors
at the synapses of neurons subjected to various mechanical forces during developments or in
disease states. One possible configuration is where neurons and muscle cells are co-cultured in
separate chambers to establish neuromuscular synapses. The chambers for each cell type can then
subjected to different magnitudes of mechanical forces to evaluate the impact of forces on vesicle
and receptor clustering at the synapse and synapse maintenance.

Disruption of synaptic transmission is implicated in numerous psychiatric and neurological
diseases where the mechano-biology of the brain may play a role.®® By combining microfluidic
device designs capable of applying mechanical forces and collecting neurotransmitters released
transiently due to the mechanical stimuli, there can be better understanding of the relationship on
the effects of biomechanical forces on synaptic transmission.

Due to the short time scale of neurotransmitter release (hundreds of milliseconds), it has
been difficult to apply transient pulses of neurotransmitters to study the role of ligand-gated ion
channels in neuronal developments and neuro-diseases.? Photo-activation of ‘caged’
neurotransmitters requires expensive reagents and equipment and this technique is limited by the
library of photoactivatable compounds.®® Optogenetics also require exogenous expression of
photo-sensitive genes.®> Microfluidic devices have been employed in solution switching to

transiently apply brief (~400 ps) gamma-aminobutyric (GABA) to recombinant GABAA receptors
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to evoke current resembling hippocampal inhibitory post-synaptic currents.®* Taylor et al. also
described a microfluidic local perfusion (ULP) chamber to direct the formation of synapses in >100
parallel rows for high throughput manipulation of pre- and post-synaptic regions.*® The presence
of multiple perfusion channels facilitate high spatiotemporal control of glutamate treatment and
monitoring of calcium fluctuations. The platform was also used to show that perfusion of
dihydroxyphenylglycine (DHPG), an agonist of glutamate receptor, over dendrites signaled the
nucleus to trigger transcription of activity-regulated-cytoskeleton-associated-protein (Arc) and the
Arc mRNA was first accumulated in the soma and was later re-distributed to the synaptic regions.
These aforementioned platforms can facilitate high throughput manipulation of synapses arranged
with fine spatial control e.g. in parallel rows.** The device, and hence the neurons, can be coupled
to mechanical stretching, followed by subsequent transient solution perfusion and collection of
neurotransmitter released due to mechanical stimuli. Microfluidics have also found utility for
micro-dialysis where micro-devices with partially permeable membranes with selective molecular
weight cut-offs are implanted in brain areas to continuously sample chemical molecules diffusing
through them.® One possible integrated system would be to arrange synapses in parallel rows,
followed by mechanical stretching of the system to activate mechano-sensitive ion channels and
detection of neurotransmitter release using micro-dialysis®®®’ to enhance our insights into the role
of mechanically-activated neurotransmitter release. This integrated system can be a tool to enable
better design of bone inserts to apply electronically-controlled force ranges on surrounding

neurons in damaged spinal cord.
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1.3.3 Regulation of neurite growth
In early neuronal development, neurites sprout from the cell body and the tips of the neurites i.e.
growth cones advance by pulling onto substrates, and hence elongating the neurites.*® After the
second day of in vitro culture, one of the neurites experiences accelerated growth and becomes the
axon while the other neurites become dendrites.*® It has been shown that tension exerted on
neurites can initiate outgrowth or lead to elongation above a force threshold while viscoelastic
deformation without growth or retraction can occur when the applied tension is below the
threshold.%®% Excessive mechanical tension can also lead to neurite retraction due to
deformations of mechano-sensitive ion channels.!® Interestingly, it has also been proposed that
mechanical tension and a critical neurite length (~10 um longer than other neurites) can specify
axonal fate, potentially establishing neurons with two axons (Note: usually neurons have only one
axon).” The growing neurites can also form communication networks which increase the tensile
forces on each neuron. The accumulation of mechanical tension can also promote the elongation
and elimination of neurites,® eventually affecting folding in the brain.1%2

Conventional: Making use of calibrated glass needles and a micro-manipulator, Chada
and colleagues showed that neurite outgrowth can be initiated with mechanical forces earlier (a
few hours after seeding) than spontaneous outgrowth i.e. ~ day 1-2.%° The team also found that
neurons (forebrain vs. sensory) displayed different responses to mechanical tension as there was
an absence of a force threshold for neurite initiation in the former neuronal population. Similar to
these findings, it was found that live Drosophila neurons behaved like a viscoelastic solid (towed
axons lengthened linearly with applied forces) and maintained a resting tension of 1-13 nN.*% The
neurons could also respond to sudden release of tension by contraction and subsequent generation

of tension back to the resting state. Recently, it has been found that neither actin filaments nor
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tubulin polymerization is required for initial neurite outgrowth in Drosophila neurons which is
highly regulated by kinesin-1.1% Microtubule motor kinesin-1 facilitates the sliding movements of
microtubules against each other especially in young neurons. However, as the neurons aged,
microtubule transport is heavily downregulated, suggesting the role of different proteins at
different developmental stages in neurite initiation and elongation.

Making use of a micro motor-stepper moving at a rate of 3.5 um per 5 min, Smith and co-
workers were able to extend the length of thousands of axons by more than 1 cm (1000x longer
than an average neuron) after 10 days of stretching.'®® However, at double the pulling rate, the
axons were unable to withstand the tension and became disconnected. This finding has huge
implications for the use of biomechanical forces in promoting axonal growth for tissue transplants
in patients with spinal cord and nerve injuries.'% It also has great significance for us to understand
the axonal-dependence on mechanical tension during development as the limbs grow.

Micro-technologies: Ahmed and colleagues described a flexible substrate made of
polydimethylsiloxane (PDMS) to facilitate application of tension and compressive strains up to
45% to neural cells and tissues.!®” The substrate was clamped and could be subjected to
biomechanical forces by controlling the integrated linear actuator. Using this platform, the authors
found that Drosophila motor neurons actively contracted their axons and they hypothesized that
internal tension might be present in axons that account for axonal development and synaptic
plasticity.

3D microfluidic chambers and wells have also been created for neuronal seeding and
growth.*%® Using surface patterning and fluidic resistance, axons can be preferentially separated
from the dendrites, hence creating a model to study axonal growth, injury and recovery.,*>109:110

Nguyen et al. utilized a vacuum-supplemented microfluidic channel array that models an array of
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micropipette tips to apply mechanical tension to seeded neurons.!'! It was found that applying
tension to the neurites enhanced their typical growth rates by 2-12x. The team also supplemented
the observation with a model based on microtubule dynamics to demonstrate how biomechanical
forces can affect the polymerization and de-polymerization of microtubules and subsequently,
neurite growth.

As the technique of vacuum and valve-based aspiration to induce axonal injury does not
allow reproducible injured sites,*% Hellman and co-workers developed a microfluidic platform
that employed pulsed laser beam irradiation to produce partial and complete dissection of axons
with high special control (Fig. 4B).*® The group found that axonal recovery was initiated within
1-2 h post-injury and that recovery was initiated at the proximal side of the axon i.e. closer to cell
body. Furthermore, while the inhibition of calcium influx reduced the severity of axonal
degeneration, it also delayed recovery, suggesting the tight regulation of calcium second
messenger for axonal recovery. Guo et al. have also applied a similar system that employed
femtosecond lasers to dissect the axons of C. elegans so quickly that it did not induce any
behavioral changes in the worms*!? as compared to other methods involving immobilization with
carbon dioxide and compression.**®

Kilinic et al. combined microfluidic chambers with magnetic tweezers to tow axons
towards axonal repellents with low forces of ~ 15 pN (Fig. 4C).!* The inhibition of kinesin-5
motor promoted axonal towing on surfaces coated with axon repellents, suggesting the possibility
of using mechano-chemical stimulation for nerve repair such as in a glia scar environment that
overexpresses axonal repellents.!® Gu and colleagues integrated nano-pumps into microfluidic
culture to create cross-flows and found that the direction of fluid flow could influence axonal

migration and cause axonal turning with an angle more than 90° (Fig. 4D). 1 This platform is
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useful to study the impact of biomechanical forces due to flows on axonal growth especially on
mechano-sensory neurons.

Nano-technologies: Making use of a micro-fabricated chips with engineered magnetic
gradients, Kunze and co-workers showed that magnetic forces due to internalized MNPs can
influence the distribution of tau proteins that can affect neurite polarization for axon formation.>*
Single cortical neurons experiencing forces in the range of 4.5-70 pN bias their tau protein
assembly opposite to the patterned poly-L-lysine while a larger force range of 190-270 pN was
needed for clusters with 6 neurons or more. At forces above 300 pN, magnetic field-induced
displacements were observed. These findings hint at the potential of mechanically driving the
polarization of neurons for nano-therapeutics.

The research findings described in this section demonstrate huge potential for integration
of micro- and nano-technologies for repairing injured axons. One possibility is to use microfluidic
chambers for engineering nervous system tissues while magnetic nanoparticles are employed to
initiate neurite outgrowth and enhance the growth rate of neurites in a desired direction. Various
magnitude and frequency of mechanical forces can be exerted to model forces experienced by
neurons in different periods of developments and injury such as breakage of nerves in the spinal
cord. Additionally, magnetic forces which are non-invasive may also be used to stimulate neurons
with different magnitudes of forces to better guide the recovery of patients with spinal cord

injuries.
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Fig. 4 Micro- and nano-technologies for probing mechano-biology of the brain. (A) A 3D microfluidic platform
designed to direct axonal growth. As axons typically grow faster than dendrites, a barrier length can be established
to isolate axons (TAU stained) from dendrites (MAP2 stained). Reproduced with permission from [41]/Nature
Publishing Group. (B) Pulsed laser is used to sever axons patterned onto micro-channels to create a model of acute
axonal injury. The laser-induced damage can be controlled for its intensity, spatial and temporal specificity.
Reproduced with permission from [45]/ Nature Publishing Group. (C) Top: schematic of using magnet to tow axons
bound to magnetic nanoparticles functionalized with neural cell adhesion molecule (NCAM). Bottom: example of
axon towing with picoNewton (pN) force. Reproduced with permission from [114]/Creative Commons license. (D)
Top: schematic showing that forces due to fluidic flow can influence axonal growth direction (green: initial
direction, red: outgrowth direction). Bottom: example of axon turning due to fluidic forces. Reproduced with
permission from [116]/ Creative Commons license. (E) Ultrasound stimulation can transduce mechanical
perturbations into electricity generation with barium titanate nanoparticles with piezoelectric properties. This
technology shows promise for remote trigger of calcium influx in neurons. Reproduced with permission from [60]/
American Chemical Society. (F) Nano-magnetic forces can activate mechano-sensitive N-type calcium channels
to trigger calcium influx into neural networks seeded onto micro-fabricated substrate with steep magnetic gradient.
Reproduced with permission from [58]/ American Chemical Society. Reproduced with permission from the Royal
Society of Chemistry.
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1.3.4 Regulation of circuitry and plasticity

The connectivity of neuronal systems is influenced by axonal branching, retraction and
elimination.*” Axonal branches enable an axon to establish synapses with dendrites of multiple
neurons for communication. Mechanical forces have been proposed to influence axonal branching
and pruning.*'® Anava et al. cultured invertebrate neurons on carbon nanotube (CNTS) islands and
found that neurite elongation was enhanced when there was attachment to the CNTs and the lack
of attachment resulted in axonal retraction or elimination.2 Using vector equilibrium, the team
found a high correlation between the calculated tension and diameter of the neurites. This study
showed that tension-induced selection of axons might play a role in determining brain circuitry
and networks.” Microfluidic chambers and nanoparticle-mediated tools as mentioned in section
3.3 can be coupled for neuronal circuitry studies. However, in this case, the focus of the analysis
would be the neuronal networks instead of individual neurons. One interesting areas of further
investigation is whether enhanced mechanical tension in one axon affect the axonal/dendritic
health or fate of the connecting neurons. For such a study, the physics of force equilibrium will be
useful to determine the distribution of mechanical load. This area of research can be extremely

meaningful as the paradigm for neuroscience shifts from individual neurons to neural networks.”

1.3.5 Regulation of brain folding

The brain consists of distinct anatomical sub-regions, and cortical folding or gyrification is
responsible for the large surface area (~1600 cm?) of the human brain as compared to its volume
(~1400 cm®).1t® Since the late nineteenth century, Wilhelm His has investigated the folding of
cerebral cortices.!?® The characteristic shape of the cortical convolutions were demonstrated via

simulations to minimize axonal tension and affect the thickness of different cortical layers.*?01%!
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Furthermore, biomechanical forces during cortical development could account for larger numbers
of neurons in the gyrus (convex folds) as compared to the sulcus (concave folds) and variations in
cellular morphologies in different sub-regions that might influence cellular functions in these
regions.?’ There is strong evidence supporting the relationship between improper cortical folding
and brain-related diseases such as in lissencephaly (smooth brain disease characterized by the lack
of folding, caused by lack of neuronal migration during development) and polymicrogyria
(presence of excessive number of small gyri on the brain surface) that are associated with cognitive
impairments and mental retardation.*?> Using magnetic resonance imaging, it has been observed
that children suffering from autistic spectrum disorder suffer from cortical folding abnormalities'??
with increased frontal cortical folding®®* and cortical thickness'?® that can impact brain
connectivity. Although research in this field has been performed for years, the exact mechanism
for cortical folding is still unknown and there is a need for technological improvement to
investigate the roles of biomechanical forces in brain development at the highest tissue level length
scale. Recently, Tallinen et al. demonstrated that in addition to the influence of genetics and
biochemistry on brain folding, the size, shape, placement and orientation of the folding in brain
can arise through iterations and variations of the brain geometry in early fetal brain
developments.!?® This new piece of evidence strongly supports previous findings that
biomechanical forces play an important role in brain developments?”12 and related diseases.*?
Interested readers can refer to Bayly et al.''® and Silvia et al.®*° for greater details mechanical
models of brain development.

Micro-technologies: Microfluidic chambers are ideal for investigating the impact of
biomechanical forces on cortical misfolding and brain injuries due to their preferential properties

such as laminar perfusion, efficient exchange of nutrients and waste products and high
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spatiotemporal control for brain slice studies.’ It is known that seizures and cortical spreading
depression originate and spread from a specific region.**! Mechanical forces can thus be applied
focally to a target region with subsequent monitoring of downstream effects such as tensions
applied by adjacent tissue, calcium influx and release of neurotransmitters. The brain slices can
even be maintained in microfluidic chambers patterned with microelectrode arrays to perform on-
chip electrophysiological recordings'®* following induced mechanical perturbation or injury.
Micro-technologies offer spatial control and higher brain slice viability compared to conventional
slice cultures or chambers that do not allow easy or reproducible investigation of biomechanical
forces on brain folding. Making use of microfluidic chambers with designed 3D topographies that
recapitulate structure in the gyrus and sulcus of various dimensions, neuronal migration and axonal
tensions may be monitored over time. This platform can overcome the limitation of using rodent
brains which have no folding and where brain tissue slices are often too thin to have noticeable
folding. It may also be useful to understand how the ridges and depression in the cortices affect
neuronal connectivity and communication. This configuration of microfluidic platform is not only
useful to study the effects of biomechanical forces on brain development but also embryonic

growth that still remains largely unknown.

1.3.6 Traumatic brain injuries

Traumatic brain injuries refer to brain damage attributed to external mechanical force such as
during a crash or concussion. Traumatic brain injuries are graded as mild, moderate and severe on
the basis of the level of consciousness after resuscitation.'*® Mild traumatic brain injury is usually

accompanied by full neurological recovery; moderate traumatic brain injury leaves the patient
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feeling lethargic; severe traumatic brain injury can cause the patient to be comatose and unable to
follow commands.**

Conventional: Ellis and co-workers made use of a pump to apply pressure to astrocytes
seeded onto flexible silicon membranes to create a model of rapid stretch-induced injury.*** PC12
cells, although a poor model for neurons, were also subjected to horizontal oscillation to induce
shear stress injuries.™® It was found that injury induced swelling in the neurite terminals and the
detachment of growth cones. This resulted in disruption to the cytoskeleton and inability to
maintain cell shape. Lusardi et al. also made use of neurons plated on flexible substrates followed
by a pneumatic pressure pulse to investigate the effects of mechanical stretching on a fraction of
cells on the un-stretched cells with concurrent monitoring of acute calcium influx propagation.**

Micro-technologies: Microfluidic devices have been designed to survey the mechanisms
governing the fate (recovery or death) of neurons suffering from mechanical damage. Magdesian
combined microfluidic micro-channels with AFM and found that rat hippocampal neurons could
recover axonal transport with no degeneration of axons when compressed with a pressure of 65 +
30 Pa for 10 min while dorsal root ganglia (DRG) neurons could resist pressure up to 540 + 220
Pa.'3 The authors attributed the higher resistance of DRG neurons to compressions to the lower
elasticity (20%) of their axons which allowed the axons of the DRG neurons to accommodate
greater stresses. The finding is also aligned to a previous finding on the mechanical heterogeneity
of the brain which may be connected to their susceptibility to mechanical damage and recovery.1%
Maneshi and co-workers also designed a microfluidic chamber capable of applying shear stress
using a fast pressure servo.™ It was found that shear forces could induce a rise in intracellular
calcium levels in astrocytes and the rise was cumulative and had a force threshold. Treatments

with different chemicals also revealed the source of calcium to be from the extracellular
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environment such that the calcium level rise was probably due to either transient micro-pore
formation in neural membranes allowing ion influx or activation of mechano-sensitive ion
channels (not specified by the authors). The different configurations of the micro-channels
described in section 3.3 have already been used to explore the role of mechanical forces in
traumatic brain injuries and recovery from injuries at the single-cell and network level.

Furthermore, microfluidics has been employed to study neurons in immobilized C. elegans as a

model for brain injury.4

Table 3 Glossary of technical terms used

Glossary

Ligand gated ion channels

Transmembrane ion channels that allow ion passage in
response to binding of a specific chemical molecule
such as a neurotransmitter i.e. endogenous chemical
that allow neuro-transmission

Neurites
Axon and dendrites of a neuron

Dendritic spine plasticity

Dynamic changes in the shape, volume and number of
spines (membranous protrusions from dendrites that
form synapses with axons) within hours

Axonal growth cone
Terminal of a neurite seeking synaptic connections

Cargo transport
Transport of materials/cargo such as proteins and lipid
between the cell body and axon

Dendritic spine morphologies
Membranous protrusions from dendrites
mushroom, thin and stubby morphologies

with

Synapses
Junction between an axon (pre-synaptic terminal) and
dendrite (post-synaptic terminal)

Viscoelastic

Non-Newtonian material that exhibits both viscous
and elastic properties and the strain is a function of
time with applied stress

Maxwell materials
Materials with both viscous and elastic properties

Catastrophic de-polymerization
Dynamic instability of microtubules that causes
sudden change from growing to shrinking states

Nanoparticles
Particles in the size range of 1-500 nm

Towing (axons)
Pulling of (axons) in a certain direction with external
forces on a surface

Ferromagnetism

Materials with high susceptibility to magnetization
and persistence of magnetic properties after magnetic
field removal

Piezoelectric
Electrical charge stored in materials in response to
mechanical stresses
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1.4 Conclusions

Research over the past 40 years has supported that biomechanical forces are essential for proper
brain development. Biomechanical forces can influence gene expression, modulate synaptic
activity, affect axonal initiation, lengthening and recovery, and brain folding. Besides its roles in
development, biomechanical forces also play a part in diseases such as when there is over-
sensitization of mechano-sensory neurons, cortical disorders where there are abnormalities in
cortical folding and in recovery from traumatic brain injuries. While conventional tools have been
extremely useful in validating the mechano-sensitivity of ion channels and neurite outgrowths,
their utility is limited in studies requiring better spatiotemporal resolution and throughput. Micro-
and nano-technologies and combined platforms as we have described here offer much higher
spatiotemporal resolution, enhanced throughput, possibility of potential co-cultures and remote
control that are useful for studying the effects of biomechanical forces on brain development and
related diseases, and potentially applying forces at the right place and time to mitigate disease in
the future. In the following chapter (2), | will describe how | make use of nano-technologies to
elicit calcium influx in neural networks. Indeed, there are many questions that remain unknown
such as the role of biomechanical forces in differential regulation of gene expression and the
relationship between biomechanical forces and brain folding. However, advances and continual
improvements in micro- and nano-technologies can enable exciting investigations to answer these
fundamental questions that have emerged in the neuroscience discipline since the late nineteenth

century.
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Chapter 2: Acute Neural Stimulation

2.1 Introduction

In the previous chapter, | discussed the advantages of using nano-technologies to probe the
mechano-biology of the brain. In this chapter, | describe the development of a magnetic micro-
fabricated substrate and magnetic nanoparticles technology to induce calcium influx in neural
networks by enhancing the opening probability of mechano-sensitive N-type Ca?* channels.

As a second messenger in a plethora of signaling pathways, spatial and temporal variation
in intracellular calcium (Ca?*) influxes have been shown to induce gene transcription, influence
mRNA translation and even post-translational protein modification**. However, in order to act as
a specific second messenger, cytoplasmic Ca?* concentration is maintained at a much lower
concentration (100-300 nM) compared to extracellular spaces (1-3 mM) and endoplasmic
reticulum (10-100 uM)%®. To spatially and temporally activate signaling in cells, there is thus
significant interest to manipulate Ca?* levels, especially in neurons where Ca?* dynamics within
dendritic spines are associated with synaptic plasticity in neural networks*?, learning and
behaviors®’.

Intracellular Ca?* concentrations have been controlled with electricity, chemical
stimulation, ultrasound, heat and even light®2. The earliest attempts to control Ca?* levels in
neurons employed electrodes and chemical delivery systems that allowed temporal control but
were unable to provide localized stimulation to densely packed neural tissues'“®. Ultrasound
stimulation of ion channels can remote trigger calcium influxes although it is still largely limited
by its non-specificity (space and time) on the neural networks and its potential side effects of
heating®®144. The progress in optogenetics has demonstrated the utility of light to activate photo-
sensitive ion channels in neurons specifically'#3145146 Nonetheless, these techniques necessitate
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complex modification of exogenous genes to express photo-sensitive ion channels or the delivery
of photo-sensitive ligand to specific receptors on neurons which are either irreversible or require
a long time for effects to diminish. Optical approaches in general are still limited by the poor
penetration of visible light into deep tissues and its resolution hinges heavily on the precision of
the optical fibers used for light delivery'#’.

Magnetic fields are ideal for non-invasive manipulations as they can achieve deep tissue
penetration and localization by tuning force-inducing field gradients. To overcome the weak
interaction between magnetic fields and biological molecules, magnetic fields should be translated
into mechanical forces or torques'#®14° such as during Magnetic Resonance Imaging (MRI) in the
latter case. One way of achieving this is through ferromagnetic nanoparticles (MNPs) that bind to
cell membrane receptors or are internalized into the neurons followed by subsequent exposure of
the neurons to magnetic field gradients.

Huang et al.2% and recently, Chen et al.8* made use of low-radiofrequency alternating
magnetic field-induced heating to stimulate the opening of temperature-sensitive ion channels
(TRPV1) in rat neurons. Although high amplitude Ca?* influxes were observed in the latter case,
Chen and co-workers did not comprehensively investigate the effects of sustained heating, heating
due to internalized MNPs and heat diffusion to non-targeted sites at noxiously high temperature
of 43 °C. The use of this technique for therapeutic treatments of human neuro-diseases may also
face several challenges: (1) non-specific activation due to various endogenous chemical agonists
such as lipoxygenase products® to mammalian TRPV1 receptor and (2) potential complications
with viral delivery agents and gene therapies.

Very recently, Marino et al. also demonstrated the use of ultrasound to activate

piezoelectric nanoparticles to induce Ca?* influxes in individual neurons differentiated from

35



human neuroblastoma-derived cells®®. However, in their technology, there was no indication that
the Ca?* influxes were propagated in the neural network. As the neural network paradigm gains
traction and importance for the investigation of brain-related activities’®, it is important to
demonstrate the propagation of Ca?* influxes in neural networks to better predict in vivo behavior.
In addition, although there were some cases of high Ca?" influxes, the heterogeneity in sizes of
differentiated neurons complicates the fluorescence quantification’®. Essentially, larger cell bodies
are expected to have larger Ca?* influxes and vice-versa. Lastly, while ultrasound technology is
improving, its poor penetration though the human skulls can limit downstream application of this
technology’?.

In summary, an ideal method for remote stimulation of neural network should be non-
invasive, safe under long duration exposure, spatially and temporally controllable and with
different degrees of activation.

Previous studies have shown that internalized MNPs can stop neurite outgrowth with forces
in the low pico-Newton (pN) range'*. Our group demonstrated that localized mechanical stimuli
due to magnetic fields can alter intracellular distributions of the microtubule-associated protein
tau®*. Related work using magnetic force was also presented by Etoc and colleagues®®.
Additionally, MNPs have reportedly affected gene regulation, Ca?* influx'® and lowered threshold
and duration of action potential*>®. These observations suggest that low pN range mechanical
forces induced by magnetic fields may be capable of influencing signal transduction in neurons.
However, the technical difficulty of performing electrophysiological recordings with magnetic
force stimulation has not allowed the mechanisms giving rise to Ca®* influx to be investigated.

Here, we demonstrate that nano-magnetic force stimulation with MNPs could induce Ca?*

influx within in vitro grown cortical neural networks and heighten the magnitude and frequency
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of intracellular Ca* waves. Stimulated cortical neural networks showed an average 20% increment
in Ca?* fluorescence signals, with the effects having a spatial resolution of 200 pm. Additionally,
inhibition of Ca?* influx in the presence of nano-magnetic forces by w-conotoxin, an N-type Ca?*
channel inhibitor, implicated mechano-sensitive ion channels as responsible for Ca?* influxes. Our
findings support the hypothesis that magnetic forces can induce Ca?* influxes that would likely

154

mediate the growth of neurite’®* and intracellular distribution of proteins®*>® and suggest the use

of wireless magnetic forces to remotely modulate neural network activity.

2.2 Results and Discussions

2.2.1 Experimental set-up

Primary dissociated cortical neurons were plated onto poly-L-lysine (PLL, 20 — 100 um) stripes
on a neuro magnetic chip that guided network growth during culture (Fig. 1a — 1b). Two-week old
cortical neural networks were then incubated with MNPs and stimulated with nano-magnetic
forces within an engineered magnetic field of 150 mT maximum strength (~ 110 mT at the chip
surface about 1 pum above the permalloy elements as characterized previously in [**]). The
dimensions of the magnetic elements in combination with the observed cluster size of MNPs exert
forces in the pico Newton range (Fig. 1c). Fluorophores were used to monitor Ca?* fluctuations in

the cortical neural network followed by data analyses (Fig. 1d).

37



Experimental parameters

. B[mT]
cross section B,
0.73 B\ Magnet corner ]

Cell pattern design

Magnetic elements Neurites

500um

?.Xl A-A -z

(i) Cell seeding (iii) Nanoparticle (iv) Calcium imaging and
incubation, 6 h  magnetic force stimulu

. o g 4

\

Planarizing,
biocompatible
photoresist

Cortical

!
\.\ neurons
| . . .
| r
‘

Cell adhesive

(i) Neurite network | : ' | pattern
formation in culture (2 weeks) OFF—_ Py B
ON d 100 pm
¢ Force map in pico Newton (pN) Calcium imaging
, o Sk Neurjtes K
Fen ™ e £l o
& W W
N B o2umxieum
™ l 8 um x 16 ym '(C_?
. I 4 uym x 16 um F}
! [ ] 4 um x 8 ym
[ 3 @ ©=0.8 um
- (2] @=0.98 um,
- 8% @=15um W
3 I
- ’\&y @=1.6um &
O

Magnetic element (12 x 16 um)

Fig. 1 Experimental workflow for nano-magnetic force-based triggering of calcium influx. (a) Schematic shows
chip dimensions, experimental setup, applied magnetic field approximation (Bmax = 150 mT: ON, B: 0 mT: OFF).
At 1 um above the permalloy elements, the magnetic field strength is ~0.73*Bmax = ~110 mT as determined by
monitoring movements of magnetic microparticles in applied magnetic fields. The workflow is composed of: (i)
Seeding of neuronal cell (830,000 cells/cm?) on spatially controlled cell adhesive patterns (PLL/Pluronics) on the
magnetic chip, (ii) Formation of neurite networks over two weeks in culture, (iii) Incubation with ferromagnetic
nanoparticles (MNPs, 54,000 x 10%/mL) for 6 hr followed by subsequent washing and (iv) Loading with calcium
dye (fluo-4) and stimulation with a permanent magnetic field (Bmax: 150 mT). (b) Cell adhesive pattern design of
100 pm, 50 um, and 20 um width lines allows neurite network growth adjacent to magnetic elements on the
magnetic chip over two weeks. Repetitive pattern design (here 500 um spaced) supports parallelization of
experiments (c) Force map shows estimated peak magnetic forces at 1 um distance above the magnetic elements
in combination with four different fMNP cluster diameters.>* (d) On chip image acquisition of calcium activity
(fluo-4 with probenecid acid). Extracted fluorescent signal from local regions of interest (ROI) exhibit stimulated
calcium spike activity with starch-coated MNPs. Reproduced with permission from the American Chemical
Society.

2.2.2 Characterization of starch and chitosan-coated MNPs

Starch-coated and chitosan-coated MNPs were used for this application due to their commercial
availability and previous uses in neural-related applications with low cytotoxicity (Appendix A
Table 1). The hydrodynamic sizes of the MNPs measured in conditioned media through dynamic
light scattering were 209 + 9 nm (starch) and 588 + 31 nm (chitosan). The polydispersity index

was similar for both MNPs in the range of 0.200-0.210. The zeta-potentials were -30.9 + 2 mV
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(starch) and -21.0 + 7 mV (chitosan), highlighting high stability of the dispersion (Appendix A
Table 2). We characterized the properties of the MNPs in conditioned media as we believe that
cells can actively secrete molecules into the media or deplete molecules from the media in response
to added nanoparticles. This would thus modify the protein corona on the MNPs,*®® thus impacting
interaction with membrane proteins, endocytosis and intracellular fate of the MNPs.™>” There is
also now increasing evidence that protein coronas can predict the interactions between

nanoparticles and cells more effectively than size and surface charge®®®.

2.2.3 Location and uptake of MNPs

To better evaluate the interactions between cortical neurons and MNPs, we determined the uptake
of MNPs by the cortical neural network though flow cytometry. Following 24 hr incubation, 34.8%
of the cortical neurons had uptake starch-coated MNPs while 68.4% had uptake chitosan-coated
MNPs (Fig. 2a). Although the former has a smaller hydrodynamic diameter, its zeta potential is
more negative, possibly leading to increased repulsion with negatively charged cell membrane!s®
and lower uptake.

However, we recognize that a major limitation in using flow cytometry is the inability to
differentiate whether the nanoparticles are localized inside the cells, on the cell membrane or at
other parts of the cell (such as soma and neurites).™® Therefore, we depleted the energy of the
cortical neurons with sodium azide to inhibit endocytosis, an energy dependent process.*>® The
addition of sodium azide reduced endocytosis of chitosan-coated MNPs by close to 90% but had
no significant effects on starch-coated MNPs (Fig. 2b). This meant that most starch-coated MNPs
were not internalized by the cortical neurons but were instead associated with the cell membranes.

On the other hand, chitosan-coated MNPs were internalized into the cortical neurons.
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Next, we performed confocal fluorescence imaging to identify whether there was a
preferential localization of the MNPs on any particular structure of the cortical neural network.
This was because we hypothesized that the nano-magnetic forces might activate mechano-sensitive
Ca?"ion channels which are found in higher density along the neurites.®® We found that chitosan-
coated MNPs tended to be internalized along the neurites (Fig. 2d). On the other hand, starch-
coated MNPs preferred to localize at the membranes (Fig. 2c). While the reasons for these
localization behaviors are still largely unclear, it has previously been reported that chitosan can
bind to CD44 receptors of cancer stem cells!®! and a similar receptor-mediated mechanism may

be responsible where the neurites may present membrane receptors that can bind to starch.
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Fig. 2 Nanoparticles interacted different with cortical neural network. (a) Flow cytometry analysis showed that
cortical neural network uptake less starch-coated MNPs than chitosan-coated MNPs. However, one limitation of
flow cytometry is the inability to differentiate particles that are internalized or associated with the membranes. (b)
Sodium azide (5 mg/mL) was added to inhibit endocytosis. Results from flow cytometry revealed that chitosan-
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coated MNPs were internalized into cortical neural network via endocytosis but starch-coated MNPs were most
likely associated with the membrane. (c) Fluorescent images confirmed that starch-coated MNPs were mostly
associated with the neurites while (d) chitosan-coated MNPs were internalized and localized with lysosomes.
Reproduced with permission from the American Chemical Society.

2.2.4 Nano-magnetic forces induce Ca?* influxes
We first demonstrated that nano-magnetic forces could induce Ca?* influx in cortical neural
networks with starch-coated MNPs. The cortical neurons did not exhibit any significant change in
viability even after incubation with the MNPs for up to 24 hr (Appendix A Fig. 1). Fluorescence
intensity maps indicated that only cortical neurons stimulated with magnetic forces exhibited
significant change in intracellular Ca?* concentration (Fig. 3a). The AF/Fo (change in fluorescence
over background fluorescence) for 30 selected neurons in different test conditions over 3 trials
(color-coded) were plotted in Fig. 3b. In the presence of nano-magnetic forces, all the fluorescent
intensity line traces were above background, with an average AF/Fo of 0.20. On the other hand,
cortical neurons in all the other conditions without nano-magnetic forces did not exhibit significant
deviation in their intracellular Ca®* levels from the resting zero level. On closer examination, some
fluorescent intensity line traces were below the resting zero level in the unstimulated conditions.
This was due to the strong background fluorescence of the photoresist used for nano-magnetic chip
fabrication and the limitation of bleach correction algorithm. Overall, 68% of the cortical neurons
stimulated with nano-magnetic forces exhibited a AF/Fo > 15% while only ~3% of cortical neurons
incubated with MNPs but without nano-magnetic force stimulation exhibited similar response
(Appendix A Fig. 2).

To understand whether Ca?* spiking was affected by the nano-magnetic forces, 40 neurons
over 3 trials were selected from each test condition and their record of Ca* spikes over 5 minutes

were tabulated with raster plots (Fig. 3c). Each cortical neuron was given an identity (ID) number
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and their fluorescent intensities were traced over 5 minutes. We observed that nano-magnetic
forces increased the frequency of Ca?* spiking in cortical neurons much more significantly than
all the other cases without nano-magnetic force stimulation. The number of spikes per cortical
neuron at different time points (binned at 5 s) was also much higher in the stimulated cortical

neural network (Fig. 3d).
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Fig. 3 Neurons that experienced nano-magnetic forces showed a larger change in calcium fluorescence intensity
and spiking frequencies. (a) Color maps of fluorescence intensity change for different conditions. (b) Example
fluorescence calcium concentrations (AF/Fo) of 30 neurons for different conditions. (c) Raster plot of 40 neurons
from three independent trials (1% trial: grey, 2" trial: , 3 trial: ). An increase in spiking frequencies
were observed for neurons stimulated with nano-magnetic forces. (d) Peristimulus time histograms of the raster
plots binned at 5 s. All experiments with and without MNPs were paired. Reproduced with permission from the
American Chemical Society.

2.2.5 The location of MNPs affected the response of cortical neural networks to nano-magnetic
forces

To determine whether the properties of MNPs could affect the response of the cortical neurons to
nano-magnetic force stimulation, we also stimulated cortical neural network with chitosan-coated
MNPs that tended to be internalized. Although a statistically significantly change in AF/Fo was
observed with both chitosan and starch-coated MNPs (Student’s t-test, p < 0.05) (Fig. 4a-b), AF/Fo
in both cases differed by close to 9%. This difference could be due to the preferential localization
of starch-coated MNPs at the cell membranes while the chitosan-coated MNPs tended to be
internalized within intracellular compartments. More extensive interactions of starch-coated
MNPs with membrane ion channels may result in larger Ca?* influx.® It is also useful to note that
in serum-free media like what we have used, nanoparticles were more likely to attach to the cell
membrane, potentially allowing the MNPs to interact to a larger extent with membrane ion

channels.*®’
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Fig. 4 Nano-magnetic force stimulation varies with functional-groups on MNPs. (a) AF/Fo (n = 360) indicated
significant changes in calcium fluorescence intensity due to nano-magnetic forces from starch-coated MNPs. (b)
AF/Fo due to magnetic forces from chitosan-coated MNPs was statistically compared to condition without nano-
magnetic forces but had less effects than that for starch-coated MNPs. We hypothesize that the difference in the
degree of activation might be due to the preferential localization of starch-coated MNPs at the membrane of the
neurites. This might have increased interactions of MNPs with mechano-sensitive ion channels, giving rise to
larger calcium influx. On the other hand, chitosan-coated MNPs tended to be internalized by the neural network
and hence experienced less interactions with ion channels. Reproduced with permission from the American
Chemical Society.
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2.2.6 Mechanism of stimulation

We first investigated the source of Ca?* influx and found that when extracellular Ca?* was depleted
with EGTA or when there was no extracellular Ca?* the fluorescence signal was quenched whereas
when intracellular Ca?* was depleted with thapsigargin, there was only a delay in the increase in
fluorescence intensities (Fig. 5a). This suggests that magnetically-induced Ca?* influx was not G-
protein mediated which typically involves release of Ca?* from intracellular sources.*®? To further
confirm, we also performed magnetic stimulation in the presence of 3 uM of bicuculline (ECsp),
an inhibitor of y-Aminobutyric (GABAA) receptor which is expressed widely in the brain, and
observed higher Ca?* spiking frequencies in the neurons upon magnetic stimulation (Fig. 5b).
These two experiments show that magnetically-induced Ca?* influx was not modulated by G-

protein and GABAA antagonist. We rationalized that if magnetic forces could increase AF/Fgin
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the presence of bicuculline, it would also mean that magnetic stimulation did not inactivate
inhibitory ion channels/receptors.

The next logical step was to determine if magnetic forces activated excitatory ion channels.
We found that the amplitude of the magnetic forces (Appendix A Fig. 3) shared a skewed
sigmoidal relationship to the Ca®" fluorescence signals (Fig. 5c). The amplitude of Ca?*
fluorescence signals is a product of the conductance (g), number density (N) and open probability
(Popen) Of the ion channel. In order to change the conductance of the ion channel, the permeation
pore which is a highly conserved structure must be modified and structural changes usually result
in blocking than enhanced permeability. 5 We also did not expect and observe any changes in the
number density from acute stimulation as the time scale during stimulation (~5-10 min) is much
less than the time (~ hr) needed for ion channel transcription/translation. Hence we reasoned that
the applied forces enhanced the open probability of the ion channel, thereby facilitating Ca?* influx
which is supported by a previous studies.®*

The sigmoidal relationship between force amplitude and calcium fluorescence signals has
been previously observed in mechano-sensitive ion channels,'®* suggesting to us that magnetic
forces might have activated mechano-sensitive Ca®* channels especially concentrated at the
boutons (Fig. 5dii). This hypothesis was also motivated by our observation that starch-coated
MNPs preferentially localized to the membrane rather than being internalized where the
membrane-bound MNPs could have stretched the lipid membrane to open mechano-sensitive ion
channels.

To show that our method of stimulation was not voltage-dependent, we first added 1 uM
tetrodotoxin (TTX), a highly specific inhibitor of voltage-gated sodium channels involved in action

potential propagation. We observed apparent stimulatory effects due to magnetic forces even with
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TTX (Fig. 5e). We also administered 40 mM potassium ions (K*) to induce action potentials and
found that when magnetic forces were applied, there was still albeit a small increase in Ca?*
fluorescence intensity (Fig. 5f). Collectively, these two pieces of data suggest that our method of
stimulation is not voltage-dependent.

As neurons express many types of mechano-sensitive ion channels (Appendix A Table 3),
we thus attempted to identify the type of known channel that contributed most to the Ca?* influx.
We first inhibited the N-type mechano-sensitive calcium ion channels with a highly specific
inhibitor i.e. ®-conotoxin GVIA (1 uM) and found that this completely quenched the stimulatory
effects of magnetic forces (Fig. 5g). As L-type Ca?* channel is reportedly mechano-sensitive but
it undergoes rapidly reversible inhibition by w-conotoxin GVIA,*® we also performed a wash step,
followed by subsequent monitoring of Ca?* fluorescence signals. We did not observe any
restoration of stimulatory effects of magnetic fields 10 mins after washing away the neurotoxin
(Fig. 5g), suggesting that neural stimulation did not involve L-type Ca?* channels.

We next performed magnetic stimulation at different temperatures and found that the AF/Fg
was not heat-sensitive (Fig. 5h), hence ruling out that we are activating temperature-sensitive TRP
ion channel which is also a major class of mechano-sensitive ion channel. This finding is also
aligned with the knowledge that static magnetic field does not generate heat. The lower calcium
influx at lower temperatures could be due to lower metabolism for uptake and intracellular
trafficking of calcium indicators. Based on the literature review summarized in Appendix A Table
3, there are also a few other reasons why we believe we did not perturb TRP ion channels with
magnetic stimulation: (1) TRP ion channels are mostly located on neurons in the dorsal root
ganglion (DRG) where they play a role in touch/pain sensation while we cultured cortical neurons;

(2) Chen et al. have shown that without genetically transfecting neurons to significantly increase
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their expression of TRPV ion channels, there was no Ca?* influx even with thermal stimulation;
(3) TRP ion channels possess intracellular Ankyrin domains that allow mechano-sensing by
tethered channels and not the lipid bilayer model that we proposed.'®® One other class of mechano-
sensitive ion channel that the magnetic forces might have perturbed is PIEZO28? which is a newly
discovered ion channel without any specific inhibitor yet.’®” However, we reasoned that as they
are mostly located on DRG neurons and have much lower expression in the cortices as compared
to mechano-sensitive N-type calcium channels, their contribution to Ca?* influx would be
insignificant even if they were activated.

Lastly, we wanted to understand whether the age of neurons, which we have found to affect
their interactions with MNPs,'®8 could impact neural response to magnetic stimulation. We found
that AF/Fo was lower for older neurons (Fig. 5i), possibly due to differences in ion channel
expression such as reduction in expression of mechano-sensitive N-type Ca?* channel with age.'®°

Together, our results support a mechanism whereby magnetic stimulation induced calcium
influx through activating N-type excitatory Ca?* channels which are mechano-sensitive. Our
hypothesis is that the preferential location of starch-coated MNPs at the cell membrane could have
led to membrane stretching and activation of these channels that are concentrated at the pre-
synaptic terminals.

We, however, do not rule out the possibility that other mechano-sensitive ion channels
might have contributed to the Ca* influx as there could be unknown ion channels or undiscovered
properties of known ion channels. Furthermore, mechano-sensing either by conformational
changes in the lipid membrane or by tethered channels might not be mutually exclusive'® as
magnetic forces might also indirectly induce cytoskeletal movements. Our argument is hence

similar to thermo/magneto-genetics where it is expected that the applied heat or mechanical stimuli
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might also activate intrinsic heat/mechano-sensitive ion channels.t’%"® Although there is a
possibility that other mechano-sensitive ion channels might be activated by magnetic force-
induced stretching of lipid membrane, we showed that the contribution by N-type Ca?* channels
was the largest (Fig. 5g). We understand that there is a possibility that the applied magnetic forces
could activate excitatory mechano-sensitive TRPV4, PIEZO1 and NMDA receptors. Future work
is needed to apply a consistent method to quantify the force sensitivity of these different
channels/receptors to compare or construct a model. It has been shown that a force of 3 pN could
enhance the opening probability of mechano-sensitive ion channels in the hair cells of ears through
mechanical amplification,'™ suggesting that larger forces of 200-350 pN without amplification
could be sufficient to generate the same effects on N-type Ca?* channels present on each neuron.
Recently, Wu et al. also found that a force of ~10 pN is needed to activate a single PIEZO ion
channel. Consequently, the total force of 200 pN is only able to activate ~20 PIEZO ion channels
which will be insufficient to generate the large calcium influx (AF/Fo = 20%) that we observed.
Therefore, based on the expression density, location and responsive stimuli of the ion channels,
we reasoned that it was most likely that magnetically-induced Ca?* influx was largely through the

N-type Ca?* channels.

48



1
(o]

"g 70 T —Control 50 ¢ N,,=6
5 —=Thapsigargin N s rrial = 7-10
£ 60 T ——cCa*freebu . o
E 40 + . :
@ 50 4 0
2 ° $ -
[ [TH o
S 40 - 30T o .
EJ d ’
E K3 . V4 . L]
[ o © .
& 30 v 20 ¢ oo L0
= o R .
9 -
> 20 + S PR
= 10 V-t
- - - .
Dela - $
E 10 + v ncells/lest/cnndilion=20 - R .
1] . ." 8. .
g 0 + + + 1 0 t ' t
2 0 10 20 30 40 0 100 200 300
Time (s) . Force (pN)
d
n.s.
n..=3
el estconditon = S0

2-week-old 3-week-old

b Paired experiment
No NP, no mag

With NP, no mag With NP, with mag

Neuron ID

p < 0.001

30 _Pp<0.001 p <0.001

M cetsjtest fcondition™

Paired experiment

NoNP, NoNP, With NP, WithNP, TTX K* K*+ mag No With Wash
no mag with mag no mag Wwith mag Paired experiment toxin toxin toxin

Fig. 5 Mechanism for magnetic stimulation of neural networks. (a) Magnetic stimulation leads to influx of calcium
primarily from the extracellular environment. (b) Magnetic forces increased calcium spiking in the presence of
bicuculline, suggesting that this technique is not neurotransmitter-mediated and does not inactivate inhibitory ion
channels for calcium influx.) (c) The amplitude of the magnetic force shared a sigmoidal relationship to the peak
AF/Fo, suggesting the possibility of controlling stimulation dosage by changing the probability of ion channel
opening. (d) Time-lapsed images show increase in calcium fluorescence signals in (i) dendrites, (ii) axonal boutons
where pre-synaptic terminals are located and (iii) cell body. Magnetic stimulation induced ~20% increase in average
AF/Fgeven in the presence of () TTX and (f) K*, showing that voltage-gated ion channels were not activated. (g)
Inhibition with @-conotoxin GVIA guenched calcium influx even after washing, supporting that mechano-sensitive
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N-type calcium channels were involved. (h) Magnetic stimulations were not temperature-sensitive, hence ruling
out the possibility of activating TRP ion channels which are heat/mechano-sensitive. (i) 3-week-old neurons
experience less calcium influx with magnetic stimulation.

2.2.7 Lipid bilayer stretch model

There are currently two main models proposed for the gating process of mechanosensitive ion
channels i.e. lipid bilayer stretch model and spring-like tether model*™. In the lipid bilayer stretch
model, mechanical stimulations of the lipid bilayer trigger conformational changes to the
mechanosensitive ion channels, causing channels to open. In the spring-like tether model, a spring-
like tether is associated with the mechanosensitive ion channels, and upon tether deflection, the
channels will open. From Fig. 2, we observed that starch-coated MNPs preferentially localized at
membranes but we did not observe their preferential localization along the axons where N-type
calcium ion channels are mostly located!’®. Therefore, we ruled out the spring-like tether model
where specific binding of starch-coated MNPs to proteins along the axons is needed for mechano-
activation. A proposed model based on lipid bilayer stretching is shown in Fig. 6 where nano-
magnetic force stimulates the opening of mechano-sensitive N-type Ca2* ion channels for Ca?

influx.
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Fig. 6 Graphical illustration of proposed mechanism of nano-magnetic force stimulation. (a) In the presence of
nano-magnetic forces, starch-coated MNPs localized at membranes could exert mechanical forces on the
membranes, resulting in calcium influx through N-type mechanosensitive calcium ion channels. The calcium
signals are then propagated through the neurons and throughout the cortical neural networks. (b) In the presence of
w-conotoxin  GVIA, calcium influx is inhibited even with nano-magnetic force stimulation as N-type
mechanosensitive calcium ion channels are blocked. Reproduced with permission from the American Chemical
Society.

2.3 Conclusions

Biomedical applications of magnetic forces are becoming increasingly common. Magnetic forces
have been reportedly used to improve transfection rates!’’, gene therapy!’®, stem cell
differentiation!’® and tissue engineering.!® For instance, Kriha et al. has previously described the
production of electrospun fibers containing MNPs whose movements can be controlled to establish
connections between hippocampal neurons to facilitate neural repair.8t Similarly, Sakar and
colleagues also utilized magnetic forces to manipulate the positions of neurons with micro
precision and to deliver microgels to patterned neurons.'®? Xie et al. have also covalently linked

nerve growth factor to magnetic nanotubes to induce differentiation in PC-12 cells.®
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There are also a few other pieces of literature that directly described the effects of magnetic
forces on neuronal growth and neurite development. Fischer et al. made use of MNPs conjugated
with anti -1 integrin to bind to neurons, followed by the application of magnetic forces to the
neuron with a high gradient electromagnet.'8* Using this technology, the group better understood
the force dependence of neurite initiation. They demonstrated the formation of synapses between
axons and dendrites in about half the experiments with magnetic forces and found that as the
neurons mature, it became increasingly less probable for magnetic forces to initiate neurite
formation. Kim and colleagues also reported the use of static magnetic fields to elicit neurite
outgrowth in PC-12 cells and the orientation of neurite growth was perpendicular to the direction
of the applied magnetic field.*>* The team found that magnetic field could polarize the localization
of actin and microtubules but did not change the levels of synaptotagmin responsible for synaptic
formations. Nonetheless, in these papers, the authors recognize that they did not demonstrate a
connection between signaling cascades and the reported morphological change in neurite
outgrowth, which we attempt to answer in our piece of research.

From the work of Mannix and co-workers, the group demonstrated that nano-magnetic
forces could be transduced into physiological cellular outputs.'® Briefly, the team conjugated
MNPs with monovalent ligands, allowing the MNPs to bind to membrane receptors on cancer
cells. Nano-magnetic forces were then applied to aggregate the membrane receptors, resulting in
elevated intracellular Ca?* concentrations within 20 s after the magnetic field was applied.
Nonetheless, this work could not be directly translatable to neurons which have different Ca?*
mediated signaling cascades as compared to cancer cells. Furthermore, the role of specific ion

channels that elicit Ca* influxes was not investigated.
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Utilizing tools from micro-fabrication and Ca®* imaging, we demonstrate, to the best of
our knowledge, the first time that nano-magnetic forces are able to induce Ca?* influxes in cortical
neural networks. We observed that the choice of coating on MNPs can affect their localization on
the cortical neural network and subsequent strength of induction. Particularly, we saw that starch-
coated fTMNP had lower internalization than its chitosan-coated counterpart possibly due to its
more negative zeta potential which is known to limit uptake.'®® Interestingly, the inhibition of
endocytosis with sodium azide did not affect the uptake of starch-coated MNPs significantly,
suggesting the possibility of this type of nanoparticle localizing on the cell membranes instead of
being internalized, supported by our fluorescence imaging results.

We then compared the AF/Fo in Ca?* signals of the cortical neural network between starch-
coated and chitosan-coated MNPs and found that the former was able to elicit a larger response.
We hypothesized that this could be due to more extensive interactions of the membrane bound
starch-coated MNPs with membrane ion channels. To test our hypothesis, we inhibited the N-type
Ca?* ion channels with -conotoxin GVIA and found that even after washing away the toxin, the
inhibitory effects were not rapidly reversible. These results supported our hypothesis that the
applied nano-magnetic forces could be stimulating mechano-sensitive N-type Ca?* ion channels*
although other ion channels could be involved as well.®° Nonetheless, based on the amplitude and
the duration (in the minute scale) of the transients after nano-magnetic force stimulation, Ca?* was
most likely the main ion involved.®

In our work, we also demonstrated the remote activation of Ca?* ion channels with high
spatial resolution. Cortical neurons about 200 um away from the magnetic elements did not
experience significant change in intracellular levels. In human patients, the ability to spatially

control the effects of magnetic field on Ca?* influx may be achieved with precise implantations of
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magnetic chips similar to common procedures for deep brain stimulation using electrodes.'®” The
recent invention of an electromagnetic micro-needle actuator which even when placed externally,

is capable of providing a high gradient magnetic field with deep penetration,*8®

may remove the
need for invasive implantations. Therefore, magnetic fields which are less attenuated by the body
tissues compared to electric fields can provide greater efficacy in stimulating dysfunctional brain
circuits.

The nano-magnetic force stimulation also elicited the propagation of Ca?* influxes
throughout the cortical neural network that was not demonstrated by recent work such as by
Marino et al. who showed only a rise in intracellular Ca?* levels in individual neurons.®® The ability
to demonstrate propagation of Ca?* signals is significant as the neuroscience community
increasingly advocates using neural networks instead of individual neurons as the paradigm for
studying neuro-activities.”

Through extensive experiments, we also demonstrated that magnetic forces most possibly
induced Ca?* influx by mechanically stretching the lipid membrane to modulate the open
probability of mechano-sensitive N-type Ca?* channels. One of our future planned experiments is
to perform single ion channel patch clamping with a customized non-magnetic recording apparatus
to eliminate electrical noise from the magnetic field to better understand the effects of magnetic
forces on channel conductance and probability of channel opening. One way to increase the
specificity of acute stimulation with this technique is to coat the MNPs with antibodies targeting
the N-type calcium ion channel as proposed by Souze et al.*® although this might be incompatible
with chronic stimulation as the functions of the ion channels might be adversely affected.

There are a few ways to boost the magnitude of Ca?* influx to match findings reported in

the literature for orthogonal techniques.® Firstly, as nanoparticle uptake is stochastic in nature,'*
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functionalized MNPs®! can be used to target specific mechano-sensitive ion channels on neurons.
For instance, MNPs with more negative zeta potential may localize better at negatively charged
cell membranes®®. Targeted MNPs may also provide a causal evaluation of the role of specific
cells (excitatory versus inhibitory neurons) in the neural network. The same objective can also be
achieved by increasing expression of N-type Ca?" channels in the neurons similar to current
practices in opto/thermogenetics or transfecting cells with constructs of genes encoding for
magnetosomes from magnetotactic bacteria.’®> Next, steeper magnetic gradients or stronger
magnets may find utility in inducing larger Ca®* influx based on the observation that regions of
neural network experiencing greater nano-magnetic forces also experienced greater AF/Fo. Lastly,
the use of ultrasensitive fluorophores such as GCaMPs'%® may also provide a better understanding
on the time scale of the magnetic force-induced Ca?* influx that were not captured by less sensitive

fluo-4 and rhod-3 based fluorophores that we have used.

2.3 Materials and Methods

Fabrication of magnetic chips

Patterning of neurite networks was achieved on line shaped PLL/Pluronic cell adhesive/repellent
surface coatings. PLL lines were designed to be 100 pum, 50 um and 20 um in width, adjacent to
magnetic elements, which are embedded (1 um deep) into a biocompatible photoresist and
therefore shielded from the PLL surface. By monitoring the movements of microparticles, the
magnetic field strength 1 um above the magnetic elements is ~0.73*Bmax (applied magnetic
field).>* Fabrication of the magnetic chips is based on previously described protocol®*. Briefly,
fused silica wafers (d: 10 mm, University Wafer) were cleaned in piranha solution (4:1) for 30

min, and oxygen plasma (air, 100 °C, 200 W, 2 min). A 50 nm-Ti, 200 nm-Cu and 50 nm-Ti seed
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layer was then evaporated onto the substrate. Microstructured SPR 220 photoresist formed 4 pm
thick nickel-iron (NiFe, 80:20) alloys during electroplating. Residual titanium and copper layer
was subsequently etched in 1% HF and copper etchant (5% acetic acid, 15% H20>), respectively.
The NiFe magnetic elements were passivated by 100 nm PECVD SiN and planarized by 5 um of
1002F A second lithography layer (SPR 220-3) was performed on top of the planarizing 1002F4
layer to produce striped openings for cell adhesion patterning. Chips were stored at room-
temperature shielded from light until further usage. Prior each neuronal cell seeding, opened 1002F
structures were O2 plasma activated (38 W, 45 s, 500 mTorr) and SPR 220-3 was removed through
a 100% acetone rinse. A polymeric 0.05% (w/v) Pluronics, 25% (v/v) PLL in PBS solution was
subsequently co-adsorbed to oxygen plasma activated surface, after 20 min UV sterilization for 16
h at 37 °C. Prior cell seeding, polymeric solution was aspirated, chips were washed with sterile

water and culture medium (Neurobasal).

Cortical neural culture

Whole brain rats (E18, Brainbits) were transferred to PBS (33 mM glucose, 1% (v/v) Penicillin-
Streptomycin (PenStrep from Gibco®), washed for 5 min and cortical hemispheres dissected>.
Cortical tissues were then placed in Papain/Hibernate-E (pH 7.3, 10 % (v/v) Carica papaya, Roche)
and dissociated for 15 min at 37 °C. 10% horse serum (Fisher Sci) in Neurobasal (Gibco®) was
then added to quench the enzymatic activity of Papain and the dissociated tissues were triturated
through a 1000 pL pipette tip and filtered a 40 um cell strainer. Cell count was determined and 1
million cells were seeded onto each magnetic chip. After 2 hr of incubation (95% air, 5% CO,, 37

°C), unattached cells were washed away with pre-warmed culture media.
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Characterization of nanoparticle properties

ZetaPALS 90Plus particle size analyzer was used to determine the hydrodynamic diameter of the
nanoparticles. Briefly, nanoparticles were suspended (54,000 x 108 nanoparticles/mL) and pipetted
into a cuvette before measurement with a laser via dynamic light scattering. A smooth auto-
correction/error function was obtained before data collection. Following which, the ZetaPLAS zeta
potential analyzer with electrode probe AQ599 were used to determine the zeta potential of the
nanoparticles. It is important to enter the right size of the nanoparticles to reduce fluctuations of

the zeta potential readings.

Nanoparticle incubation

Cortical neurons were incubated with starch or chitosan coated fMNPs (Chemicell) for 2, 6 or 24
hr at 0.12% (v/v) in Neurobasal, 1% PenStrep, 1% GlutaMAX™ and 2% B27 supplement. After
which, the cells were gently washed for 3 times with Neurobasal media to remove excess of
fMNPs. The fMNPs are composed of magnetite with either starch or linear chitosan randomnly
distributed around the magnetite core. The density of the fMNPs is 1.25 g/cm?®. The size of the
fMNPs according to the manufacturers is 100 nm. However, our measurement with dynamic light
scattering shows that the hydraulic diameter of the fMNPs are in the range of ~200 nm (starch-
coated) and ~400 nm (chitosan-coated). As fMNPs are also frequently used for localized heating,
additional information on magnetic hysteresis can also be useful for readers. For interested readers:
the TEM images and magnetic hysteresis curves of the iron oxide core can be obtained from
Eggeman et al.'®*; the magnetic hysteresis curves of starch-coated and chitosan-coated fMNPs are

also available from Cole et al.!*® and Kong et al.'®® respectively.
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Calcium dye incubation and magnetic force stimulation

Cortical neurons were incubated with Fluo-4 Direct™ calcium assay kit (Life Technologies) or
Rhod-3 calcium imaging kit (Life Technologies) according to manufacturer’s protocol with 5 mM
stock solution of probenecid. Briefly, 5 mL of calcium assay buffer was mixed and vortexed with
100 uL of probenecid stock solution to create a 2x loading dye solution. The dye solution is then
added to the cells with media in a 1:1 ratio and incubated for 1 hr before imaging. For magnetic
force stimulation, calcium activity was monitored without a permanent magnetic field (OFF), and
with a neodymium magnet (ON: Bmax =150 mT, %2 inch x %2 inch x %2 inch, Apex Magnets) placed
on top of an inverted chip. For experiments involving TTX (1 uM), K* (40 mM), o-conotoxin
GVIA (1 uM), thapsigargin (2 uM), EGTA (10 mM) and bicuculline (3 or 1.2 uM), the chemical
was added during calcium dye incubation (1 hr). The use of EGTA is to completely chelate
extracellular calcium. The method is to confirm that the source of calcium is from the extracellular
environment as there is usually still some residual calcium from the neuronal media even after
replacement with calcium free buffer. After imaging, the solution was replaced with fresh media
and the cortical neural network was imaged again. For experiments involving m-conotoxin GVIA,
a wash step was also included to remove the neurotoxin and the neurons were imaged after 15

mins of waiting time.

Immuno-fluorescent labelling

Cortical neurons were washed with Dulbecco’s PBS with magnesium and calcium (Gibco) and
fixed with paraformaldehyde (4% v/v, Santa Cruz Biotechnologies), permeabilized with 0.1%
Triton-x/DPBS and 3% BSA for 10 min and blocked with 3% goat serum in 1% BSA/DPBS.

Primary antibodies were incubated overnight at 4 °C in 3% goat serum, 0.5% Tween-20 in 1%
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BSA/DPBS and secondary antibodies were added. Finally 4',6- diamidino-2-phenylindole (DAPI,
300 nM in DPBS) was incubated for 15 min and additionally mounted on glass slides using pro

ProLong ® Gold antifade reagent (Molecular Probes).

Cytotoxicity assay

Colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays were
performed in 96 well plates where different functionalized fMNPs were added to each well seeded
with cortical neurons. After each specific time interval, 20 pL of MTT (5 mg/mL) in PBS was
incubated for 3 hr. Then the supernatant was aspirated and 200 pL of dimethyl sulfoxide (DMSO)
was added. Each 200 pL sample in DMSO was spun down to remove MNPs in solution and the

supernatant was read with a 96 well plate reader for absorbance at 550 nm.

Flow cytometry analysis

1.0 x 108 neurons were seeded in individual PLL-coated 12 well-plate (Corning) and allowed to
grow for 2 weeks. Fluorescently labeled MNPs (green: ex (476 nm), em (490 nm); red: ex (578
nm), em (613 nm)) were then added at a concentration of 54, 000 x 108/ mL and incubated for 24
hr before triple washing with neural basal media. For experiment involving sodium azide, cortical
neurons were also incubated with 5 mg/mL sodium azide solution for 24 hr. Neurons were then
detached from plate surface using Accutase® (Stemcell Technologies, ref # A11105-01) for 10
min and centrifuge at 600 g for 6 min to collect the pellet. Cell pellet was then resuspended in 500
puL DPBS, stored at 4 °C and analyzed using BD LSRII flow cytometer at the UCLA Flow

Cytometry Core Laboratory.
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Image acquisition, analysis and statistical evaluations

Wide-field fluorescent and phase contrast images were acquired with an inverted fluorescent
microscope (Nikon, 20x, 40x air, 60x air objective) or confocal microscope (Leica TCS SP5, 60x
oil objective). The fixed and immune-stained samples were excited with 364 nm (blue/ DAPI),
488 nm (green/MAP2), 650nm (Cy5/TAU) and 532 nm (red/fluorescent fMNPs) laser lines.

Heat maps were generated with ImageJ plug-in HeatMap from Stack. Parameters (color
min/max) were kept consistent for comparison of calcium fluorescence.

The relative fluorescence change AF/Fo of somatic fluorescence signals was acquired using
ImageJ for all neurons within a particular trial. Calcium spike events were considered if they
fulfilled two criteria: (1) the fluorescence increase was at least 5 standard deviation above baseline,
which was defined as first 5 s of each trace and (2) if the event persisted more than 5 s. Raster
plots were then generated from this method. Calcium videos were taken over 5 mins with a per
frame period of 5 s.

Transmission electron microscopy (TEM) images of the starch-coated fMNPs were
acquired with a T12 Quick CryoEM with exposure time of 0.5 s. Briefly, the starch-coated fMNPs
(45,000 x 108/ mL) were incubated with Neurobasal media for 6 hr and then centrifuged at 600 g
for 6 min to collect the pellet. The pellet was resuspended in 50 pL deionized water. The starch-
coated fMNPs were then adsorbed onto 400-mesh copper grid coated with carbon (Ted Pella Inc.).
TEM was performed using 120 kV T12 Quick CryoEM with a point resolution of 0.34 nm. Imaging
and data processing was performed at the UCLA CNSI Electron Imaging Center for
NanoMachines (EICN).

Statistical significance in Fig. 2b was evaluated using Mann Whitney U Test with null

hypothesis = 0 and n = 30,000 (3 tests, 10,000 cells/test). Statistical significance in Fig. 5 and
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Appendix A Fig. 1 was evaluated using Student’s t-test after testing for normality using either
one-way ANOVA, p < 0.05 (no rejection of normality), or nonparametric Kruskal-Wallis
ANOVA, p < 0.05 (normality rejected) with n = 120 cells in Fig. 5a (3 tests, 4 conditions, 10
cells/test/condition), n = 120 cells in Fig. 5b (4 condition, 30 cells/condition), n = 42-60 cells in
Fig. 5¢ (ngias = 6, 7-10 cells/test), n = 60 cells in Fig. 5e (2 paired experiments, 3 tests, 10
cells/experiment), n = 30 cells in Fig. 5f/g (1 paired experiment, 3 tests, 10 cells/experiment), n =
60 cells in Fig. 5h (1 control and 1 paired experiment, 3 tests, 10 cells/experiment), n =90 in Fig.
5i (3 conditions, 3 tests, 10 cells/experiment), n = 120 (2 conditions, 2 tests, 30 cells/test/condition)
and n = 360 cells (4 groups, 3 trials and 30 cells/trial, n = 600 cells (6 test, 100 cells/test) in

Appendix A Fig. 1.

61



Chapter 3: Chronic Neural Stimulation

3.1 Modulation of excitatory: inhibitory ion channel ratio in neurons with magnetic
stimulation
In Chapter 2, | described the use of microfabricated magnetic substrate and magnetic
nanoparticles for acute neural stimulation. Here, | explain how we employ the same tool for
chronic magnetic stimulation for modulation of mechano-sensitive ion channel expression.

It is well-established that neurons in networks actively regulate their ratio of excitatory
(such as N-type calcium channels) to inhibitory (such as GABA) ion channels/receptors to
maintain activity homeostasis.’®" 1% A suppression of activity leads to an increased number of
excitatory ion channels/receptors in neurons while an enhancement of activity reduces the number
of excitatory ion channels/receptors.

An off-balance ratio of excitatory to inhibitory ion channels/receptors has been observed

in various neurological diseases?®

such as chronic pain and FXS, a human intellectual disability
classified under the autism spectrum disorder.?°* The fragile X mental retardation protein (FMRP)
increases the density of N-type Ca?* channels, causing hyper-excitability.?%? The disease is also

characterized by a deficiency of GABA receptors at the cortices of Fragile X mice,?*

contributing
to epilepsy.%4

We hypothesized that if our magnetic platform could activate excitatory N-type Ca®*
channels chronically, the neural networks might compensate by reducing the expression of these
channels and increasing the expression of inhibitory ion channels/receptors.

We first showed that neurons treated with FMRP had enhanced expression of N-type Ca?*
channels as expected from the findings of Ferron et al.?%? and with age, there was a reduction in

the expression of these channels (Fig. 1a-b) (Here, we will refer to neurons treated with FMRP as

62



neurons with elevated expression of N-type Ca?* channels ). Fig. 1c shows the experimental set-
up for chronic stimulation. We cultured the neurons for 4 days before magnetically stimulating
them for the next 4 days with increasing force daily (see rationale in Appendix B Fig. 1). The first
4 days gave the neurons sufficient time to establish their axonal and dendritic polarities. As neurite
branching is highly regulated by N-type calcium channels, the first 4 days also allowed the
expression of the ion channels to stabilize before activating them over the next 4 days.?® After
chronic stimulation, we either immuno-stained the neurons immediately or continued culturing
them for 4 more days to observe whether the effects of neural networks were sustainable.

We found no significant difference in the expression of N-type Ca?* channel among control
neurons, control neurons treated with MNPs and magnetically stimulated control neurons although
a decrease was observed in the latter (Fig. 1d). This could be because the N-type Ca?* channels
are essential for a range of neural functions and a minimum level of expression are needed for
normal development.?® Next, we found that stimulated neurons treated with FMRP had channel
expression that were significantly lower (Fig. 1f) than FMRP treated neurons that were not
chronically stimulated (Fig. 1e), demonstrating that chronic mechanical stimulation could affect
the expression of mechano-sensitive ion channel.

Remarkably, we observed that chronic magnetic stimulation brought the expression of N-
type Ca?*channels in FRMP treated neurons down to a level similar to that of control neurons (Fig.
1d), supporting our hypothesis of magnetic force-mediated restoration of mechano-sensitive ion
channel equilibrium. We also observed that the expression of N-type Ca?* channels was similar in
stimulated FMRP treated neurons at day 8 and 12 (Fig. 1d), showing that the effects of chronic
magnetic stimulation were sustainable for at least 4 days. Next, we monitored the expression of

TRPV4 which is the only type of mechano-sensitive ion channel other than N-type calcium
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channel that has been reported for neural stimulation.'”® However, chronic stimulation did not
affect the expression of TRPV4 (Appendix B Fig. 2a-b). We proposed a biophysical model to
describe the mechanical sensitivity of different ion channels and how the application of different
force magnitudes may specify the types of mechano-sensitive ion channels being stimulated

(Appendix B Fig. 2c).
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Flg 1 Magnetlc forces reduce the expressmns of exutatory N- type Ca?* channels in an FXS neural network model
following chronic stimulations. (a) FXS model neurons express more N-type calcium ion channels and with age,
there is a decrease in channel expression. (b) Confocal images show immuno-stained N-type calcium ion channels
in the FXS model and control neurons. (c) Schematic shows the sequence of chronic stimulation. (d) FXS model
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and the effects are sustainable for at least 4 days (day 8-12). Confocal images showing (e) FXS model neurons and
(f) FXS model neurons after chronic stimulation. An evident decrease in N-type calcium ion channel florescent
intensity is observed in the latter. Reproduced with permission from the American Chemical Society.
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Patients with FXS typically have reduced expression of GABAA receptors,?®! resulting in
network hyper-excitability as characterized by higher magnitude and frequency in calcium spikes
(Fig. 2) in the presence of bicuculline. We wanted to investigate whether chronic magnetic
stimulation could also modulate the expression of GABAA receptors. Although GABAA receptors
are not mechano-sensitive, it has been shown that when excitatory (such as mechano-sensitive N-
type Ca?*) ion channels are chronically stimulated, the neural networks can compensate by
increasing the expression of GABAAa inhibitory ion receptors.?’ Interestingly, we found that FMRP
treated neurons that underwent chronic magnetic stimulation did not have statistically significant
different average (Fig. 2a) and peak AF/Fo (Fig. 2b) as compared to control neurons. The number
of spikes per neuron at a given time was also reduced for chronically stimulated FMRP treated
neurons compared to the non-stimulated FRMP treated neurons (Fig. 2¢). These results show that
magnetic force stimulation could have enhanced the expression of GABAAa receptors, thus
reducing the excitability (magnitude and frequency in calcium spikes) of FMRP treated neural

networks in response to bicuculline (1.2 uM).
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Fig. 2 Magnetic forces enhance the expression of inhibitory GABAA receptors in a day 12 FXS neural network
model following chronic stimulation. Chronically stimulated FXS model neurons have lower (a) average and
(b) peak AF/Fq and (c) calcium spiking frequencies than non-stimulated counterparts. This can be at least
partially explained by enhanced expression of inhibitory GABAA receptors in the former which reduce
excitability (magnitude and frequency of calcium spikes) of FMRP treated neural networks in response to
bicuculline (1.2 uM). ‘S’ refers to chronically stimulated. Reproduced with permission from the American
Chemical Society.

3.2 Conclusions

We showed that our technology can be employed to modulate N-type Ca?* ion channel
disequilibrium which is observed in FXS. It may be possible to combine our technology that has
specific ion channel targeting - once significant challenges for in vivo use are addressed - with

transcranial magnetic inhibition which is currently being employed to reduce cortical excitability

66



in patients.2’® The combined technology may also find utility as a non-invasive therapy in other
neurological diseases by modulating the expression of endogenous mechano-sensitive ion channel
density in cases like abnormal nociception where there is enhanced expression of N-type Ca?* ion

207

channels®’ and patients have to undergo highly invasive spinal injections with modified

conotoxin.?%®

We also want to highlight that one advantage of our technique over other emerging
techniques is that it does not require genetic manipulations, which still face the challenge of
consistent transfection efficacy and heterogeneous expression, as N-type Ca?" channels are
relatively abundant on different classes of neurons as compared to TRPV ion channels.
Nonetheless, as N-type Ca?* channels are involved in many important neural activities (although
N-type gene knockout mice develop healthily, with normal lifespan, behavior and motor
functions®®) and its expression reduces with age, more work is needed to enhance calcium influx
with our technique for use in in vitro neural culture of different ages and in vivo brain study. Lastly,

this technology can also be employed to investigate the effects of biomechanical forces on

mechano-sensitive ion channel expression during neuronal development.?t°

3.3 Materials and Methods

Quantification of magnetic forces

The exact method is as described in.>* A particle with a magnetic dipole within a magnetic flux
density gradient, referred as magnetic gradient in the main text (VB), experiences magnetic forces

(eqg. 1) due to its magnetic moment (m).

F=V(m-B) eq. 1
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Superparamagnetic micro- and nanoparticles in high gradient magnetic fields exert forces based
on the number i of aggregated particles with a particle volume (Vp). The resulting force (F) is due
to a combination of parameters where Mpsat IS the particle magnetization under magnetic

saturation, V H(x, y, z) the gradient of the magnetic field strength and Lo the vacuum permeability

(eq. 2).

F=po XL, Vb,iMp isatV H(x, y, z) eq. 2

The force magnitudes due to our magnetic elements (MEs) were characterized using fluorescently
labeled 1 um diameter superparamagnetic iron oxide beads. We extracted magnetic forces based
on the steady-state motion of the bead moving in an agueous medium (PBS, n =1 - 10 -3 Pas)
within a magnetic gradient. Given the proximity to a surface, we used a Faxen’s Law coefficient

Araxen = 2.29 in the viscous drag (eq. 3) to calculate force along trajectory positions.

Fstoke = — 6 AFaxen TTINTh, U= €q. 3

Based on the exponential decay of the gradient field, and the linear relation between field and

force, estimated forces were assumed to scale exponentially with distance from the MEs.

Chronic magnetic force stimulation
4-day-old cortical neurons were incubated with MNPs for 1 day or over 4 days for 6 hr daily and

then magnetically stimulated. The neurons were either immuno-stained at day 8 or day 12. During
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chronic magnetic force stimulation, the magnetic substrate was inverted in a petri dish and a 150

mT magnet was placed on top of the glass slide.

Statistical significance

Statistical significance was evaluated using Student’s t-test after testing for normality using either
one-way ANOVA, p < 0.05 (no rejection of normality), or nonparametric Kruskal-Wallis
ANOVA, p < 0.05 (normality rejected) with, n = 540 cells in Fig. 1a (6 conditions, 3 tests, 30
cells/test), n >720 cells in Fig. 1d (12 conditions, 3 tests, >20 cells/test) and n = 480 cells in Fig.

2a-b (4 conditions, 3 tests, 40 cells/test).
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Chapter 4: Phenotypic selection of Magnetospirillum magneticum (AMB-1)

using Magnetic Ratcheting

4.1 Introduction

In the previous chapters, | highlighted the utility of magnetic nanoparticle (MNP)-based neural
stimulation techniques. However, it is important to acknowledge the limitations of these
techniques such as heterogeneity in MNP properties and our poor understanding of protein corona
formation on MNPs. This chapter aims to tackle some of these limitations by generating
magnetotactic bacteria over-producers as a source of high quality MNPs.

Chemically synthesized magnetic nanoparticles (MNPs) have great utility in diverse
biomedical applications including Magnetic Resonance Imaging (MRI), cancer hyperthermia
therapy and neural stimulation as outlined in Chapter 2-3.2!! To be useful for these applications,
ideally, MNPs should possess the following properties: (1) uniform sizes for consistent results, (2)
high stability in aqueous solutions to reduce aggregation, (3) high thermal stability for controlled
rise in temperature, (4) low cytotoxicity for interfacing with biological entities and (5) high
flexibility for surface chemistry to enable drug and biological polymer conjugation.?*? Although
advances in nanotechnology such as microfluidic-assisted nanoparticle synthesis have made some
of these properties possible,?*? it usually comes with a compromise on the manufacturing costs and
time that can be prohibitive for industrial production and research/medical use of MNPs.?%
Remnants of organic and inorganic solvents used to chemically synthesize MNPs does not yield a
long-term green manufacturing solution and can also result in high cytotoxicity.?'® Lastly, large
scale production of MNPs is still a challenge due to the stringent requirements for narrow size
distribution and development of tailored protocols for surface functionalization either to reduce

cytotoxicity or to increase specificity for biomedical use.?
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Magnetotactic bacteria (MTB) were first scientifically described in 1975 by Blakemore?*?

and since then, there has been an increasing number of publications on this class of bacteria that
can reportedly sense the Earth’s magnetic field for magnetoaerotaxis. Making use of a unique
biomineralization process, MTB are able to assemble and precipitate linear chains of magnetite
(Fe(11)Fe(111)204) NPs with different shapes (spherical, bullet, etc.) and sizes (35-120 nm) bound
in lipid membranes known as magnetosomes specific to their strains?’’ (Note: for easier
comparison to chemically synthesized MNPs, we will now refer to magnetosomes as biologically
synthesized MNPs). MNPs produced by MTB are superior to chemically synthesized MNPs as the
former have homogeneous sizes and crystallography, possess high thermal stability, have low
aggregation and can be easily functionalized using conventional surface chemistry techniques.?'!

However, MTB are fastidious prokaryotes that grow slowly even with optimized culture
conditions?*® as compared to other micro-organisms commonly used in industry. As an example,
the doubling time of MTB is ~4-6 hr?'® as compared to 20 min for Escherichia coli.?® Kolinko et
al. attempted to address the growth limitation by transferring 30 key genes from Magnetospirillum
(M.) gryphiswaldense to Rhodospirillum rubrum, a faster growing prokaryote, and first
demonstrated the possibility of endogenous magnetization in non-magnetic organisms using
synthetic biology.?*® In addition, Lohfe et al. recently demonstrated the use of targeted gene
editing to create MTB mutants that produce ~2 fold more MNPs, highlighting the usefulness of
genetic variations to generate MTB over-producers that overproduce MNPs.??

The directed evolution of MTB is, however, limited by the lack of a selection platform.
The current methods to select for MTB mutants are electron microscopy and color inspection of

colonies or Cmag??? which are slow, laborious, non-quantitative and subject to users’ biases. A
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selection platform that facilitates quantitative and high throughput selection of MTB mutants of
interest can accelerate the process of directed evolution.

Conventional methods for magnetic separation involve pull down of objects with a
magnetic dipole or induced dipole in response to a magnetic field gradient. There are a few
technologies namely, batch magnetic separators, flow-through magnetic separators and
magnetically stabilized fluidized bed separators to isolate particles based on their differences in
magnetic content.?? However, as MTB are motile by means of flagella,?®* their motion
complicates the separation process. Several groups have also described the use of microfluidic
devices to deflect particles across streamlines and into different outlets based on their different
magnetic contents.??>?% |n these systems, we observed that bacteria motility is also a challenge.
These techniques also face several other limitations as they (1) require precise fluid flow rates and
magnetic field positioning to generate controlled magnetophoretic forces, (2) have low throughput
due to their use of weak bulk magnetic field gradients and (3) offer a low output concentration in
the form of diluted particle suspension.

Here, we describe the development of a magnetic ratcheting platform that facilitates
automated, quantitative, and high throughput and resolution separation of AMB-1 of interest
generated with random chemical mutagenesis. Using this technology, we generated AMB-1 over-
producers producing 2-fold more MNPs than control AMB-1 with just 5 cycles of mutation and
selection. The MNPs produced by the over-producers were also comparable in terms of size, shape
and magnetic properties to those produced by the control AMB-1, making them equally valuable

for diverse biomedical applications.

72



4.2 Results and Discussions

4.2.1 Random chemical mutagenesis generated AMB-1 overproducers

To diversify the genome of AMB-1, we performed random chemical mutagenesis using 10 pg/mL
5-bromo-uracil (5-BU) to interfere with the DNA replication cycle of the bacteria (See Appendix
C Fig. 1 for the rationale of using 10 pg/mL of 5-BU). Although random mutagenesis is less
commonly used for directed evolution due to biases in the mutation spectrum (i.e. different rates
in transitions and transversions genetic substitution),??’ it is arguably more suitable for our case as
the genetic pathways regulating biomineralization are still largely unknown. A recent publication
also highlighted the genetic complexity of MTB by reporting on accessory genes outside of the
magnetosome islands that help to regulate biomineralization.??* The approach of random chemical
mutagenesis is also supported by the observation that frequent deletions and rearrangements in the
magnetosome gene island (MAI) can be induced by metabolic stresses and ultraviolet
irradiation.??

We showed that random mutagenesis generated AMB-1 with a wider range of
MNPs/bacterium (Appendix C Fig. 2A) without affecting the size and the shape of the MNPs
significantly (Appendix C Fig. 2B-C). This effect was not observed or noticeable from long-term
culture of AMB-1 (up to 60 days) in normal media. As expected, this random chemical
mutagenesis was also biased in generating mutants. Most of the AMB-1 had compromised
biomineralization abilities while there was only ~3+2.2% more AMB-1 with >25
MNPs/bacterium. Although this method generated a small percentage of desired AMB-1, we
performed magnetic ratcheting selection with ~10° of MTB/selection cycle, hence allowing us to
harvest sufficient numbers of desired AMB-1 for downstream cultivation. Appendix C Fig. 2D

compares the number of days of mutagenic treatment and its impact on mutant generation. Based
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on the motivation for fewer days for a mutation-selection cycle and higher percentage of AMB-1

with >25 MNPs/bacterium generated by the treatment, we chose 8 days of 5-BU treatment.

4.2.2 Development of magnetic ratcheting platform

Our magnetic ratcheting platform consisted of arrays of permalloy (i.e. alloy of nickel and iron
with exceptionally high magnetic permeabilization) micro-pillars with increasing horizontal
pitches (spacings between micro-pillars) to enable rapid magnetophoretic equilibrium
separation.??® The platform is also comprised of a mechatronic device to continuously generate a
cycling magnetic field that created strong moving magnetic potential wells to trap AMB-1 and to
negate the effect of bacterial motility (Fig. 1A). The transport of AMB-1 across the ratcheting chip
is governed by the balance between magnetic force i.e. MNP number (and size) and Stokes drag
i.e. size of the bacterium (Appendix C Equation 1-5). As the size of all the AMB-1 was similar,
AMB-1 can thus be separated in an equilibrium fashion based on their magnetic content.

AMB-1 ratcheted at a given frequency can traverse the arrays of horizontal permalloy
pillars when it has enough velocity imparted by the magnetic force to traverse to the next pillar
over a magnetic field cycle. When it reaches the critical pitch where the magnetic force does not
provide sufficient force, the AMB-1 is trapped and will oscillate with the cycling field instead of
ratcheting further to higher pitch regions. The critical ratcheting frequency for trapping AMB-1
for increasing pitch length is shown in Appendix C Fig. 4. This system is also applicable for
another popular MTB strain i.e. Magnetospirillum gryphiswaldense (MSR-1) which is also spiral
in shape.??

The steps for the mutation-selection cycle are shown in Fig. 1B. Each cycle took about 13-

20 days with 8 days for chemical mutagenesis followed by 5-12 days of culture. We chose to
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cultivate the AMB-1 in media with 5-BU for 8 days as we wanted the selection pressure to be
based on both magnetosome number (through magnetic ratcheting selection) and growth rate as a
slower growing AMB-1 would be out-competed. With each ratcheting cycle, we could isolate 50-
350 desired AMB-1. Considering an 8-day mutation period and an average of 3.1 cell divisions/day
(normally, cell division occurs every 4-6 hr but we gave a lower estimate as we grew AMB-1 in
mutagenic media where 20% of the AMB-1 would perish, giving us an average 24" 8™ cel|
divisions/day = 3.1 cell divisions/day), we could generate [28"% * 50 (number of starting AMB-1)
*0.0016 (estimated mutation efficiency with 5-BU although it could change with concentration of
5-BU and repair pathways of AMB-1)?% * 0.95 (upper limit of reversion of mutant to wild-type
state ~5%)2%!], the maximum number of unique AMB-1 we could generate was 1.27 million.
Nonetheless, from literature on random chemical mutagenesis, we expect that most of the AMB-
1 (99.99%) would be undesired due to their compromised activities like cell division/metabolism.

Our next step was then to cultivate the AMB-1 (10 pL suspension) for an additional 5-12
days to allow the desired AMB-1 (higher MNPs number and metabolism) to out-compete the non-
desired ones. Note that the AMB-1 were not grown in a single tube (2 mL Eppendorf) for the entire
duration but were transferred to a new tube for expansion every 3 days. The content in the tubes
were then pooled together and processed through the ratcheting platform. This step was important
to ensure that the AMB-1 did not experience growth stagnation due to media depletion or over-
crowding. The cultivation period was lengthened progressively as we imposed increasingly stricter
magnetic selection criterion (Appendix C Table 3) and isolated fewer numbers of desired AMB-
1 over time. Fig. 1C shows the ratcheting chip with SYBR-green stained AMB-1 separated across

the micro-pillar array with increasing horizontal pitches. AMB-1 at different regions were
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collected for transmission electron microscopy (TEM) imaging to validate that AMB-1 over-

producers could be isolated based on their magnetic content (Fig. 1D).
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Fig. 1 Schematic and operation of selection process based on magnetic content. (A) Schematic of the ratcheting
platform. (B) Process of the mutation-selection cycle and design of magnetic ratcheting chip with increasing widths
in horizontal pitches. (C) Magnetically separated AMB-1 stained with SYBR-green in different regions on the
ratcheting chip. Cells with higher magnetic content can ratchet further to the right to regions of higher pitch between
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permalloy elements. (D) AMB-1 are separated based on their magnetic content. AMB-1 in region 1 had the lowest
number of MNPs/bacterium while those in region 3 had the highest number of MNPs/bacterium.

4.2.3 Selection of AMB-1 overproducers with magnetic ratcheting

AMB-1 generated after one mutation-selection cycle from region 3 (Fig. 1D) were collected,
cultured and imaged. The average number of MNPs/ bacterium in the selected population was 17.0
+ 4.0 while that of the control population was 11.2 + 3.7 (Fig. 2A). The Cmag value of the selected
population was also higher (Fig. 2B), showing that this population was more magnetic. The size
(Fig. 2C) and shape (Fig. 2D) of the MNPs for both populations were similar. Our magnetic
ratcheting platform hence isolated AMB-1 based on their number of MNPs as both size and shape
which are known to affect the magnetic properties of MNPs were not significantly different in this
case. Through this observation, we also speculate that the genes regulating MNP number may also
be more susceptible to chemical mutagenesis than those controlling MNP shape and size. This may
be because there are more genes such as in the mamAB operon®®? and other accessory genes
regulating nitrate metabolism that influence the number of MNPs/bacterium while so far, only the
mamGFDC operon has been implicated, albeit in a small role, in regulating the size/shape of

MNPs. 23
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Fig. 2 Magnetic ratcheting platform facilitated selection of sub-populations of AMB-1 with greater magnetic
content. (A) Population histogram showed that AMB-1 selected through a single cycle of ratcheting following
mutagenesis contained an average 6 more MNPs/ bacterium. (B) The Cmag value showed an increase in bulk
magnetic properties of selected AMB-1. (C) Ratcheting selection did not significantly affect the average size of the
MNPs and it decreased the deviation in size distribution. (D) Average circularity of the MNPs was unaffected by
the ratcheting experiment.

4.2.4 Generation of AMB-1 library with magnetic ratcheting

The magnetic ratcheting platform also allowed us to collect AMB-1 of interest from region 1 (Fig.
1D) with no MNPs (Fig. 3A). As there is significant interest in studying genes regulating the
biomineralization pathways, the AMB-1 producing no MNPs can be used to screen for such genes
using our platform. Compared to targeted genetic manipulation, AMB-1 produced by random
chemical mutagenesis have larger genetic diversity, allowing higher throughput in identifying
genes in the magnetosome islands or accessory genes responsible for MNP production with our

platform.

78



With 5 cycles of mutation-selection, we generated a library of AMB-1 producing an
average of 25 MNPs/ bacterium which we validated with electron imaging and Cmag measurements
(Fig. 3B). The AMB-1 over-producers continued to produce more than 2-fold more MNPs than
wild-type AMB-1 after 2 months of culture, showing stable phenotypes (Appendix C Fig. 6B).
This observation also demonstrates that chemical mutagenesis allowed us to generate stable AMB-
1 and our method was truly selecting for desired AMB-1 and not non-mutated AMB-1 with
naturally higher number of MNPs/bacterium. Nonetheless, we note that due to the randomness and
low efficacy of chemical mutagenesis in generating over-producers, there was an efficacy
reduction to increase the number of MNPs/bacterium overtime. However, we expect that this
problem could be overcome by combining targeted genetic manipulations, magnetic ratcheting
selection and lower cost next-generation sequencing after more is understood about the MTB

genome.

4.2.5 The properties of magnetosomes produced by overproducers were similar to wild-type
While it is important to generate AMB-1 that overproduce MNPs, it is highly crucial that the
properties of the MNPs are maintained. This can be a concern in our work as we employed random
chemical mutagenesis which might have disrupted genes regulating the aqueous stability, size,
shape and magnetic properties of the MNPs.

We first investigated the aqueous stability of the magnetosomes and found that those
produced by AMB-1 over-producers did not aggregate (Fig. 3C-D). This is an important property
as iron oxide MNPs possess high surface energy and are prone to aggregation which can reduce
the efficacy of their use.?®* Next, we found that over the multiple cycles of mutation-selection, the

size of the MNPs increased slightly which was also observed by Lohpe et al.??! (Fig. 3E). The
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shape of the MNPs were, however, similar across the AMB-1 isolated in the cycles. It is
advantageous to maintain the cubo-octahedral shape of the MNPs as it is known that the shape of
MNPs can affect their magnetic/thermal/catalytic properties?®® and also interactions with

biological processes such as endocytosis?*® and cytotoxicity.?%’
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Fig. 3 Library of AMB-1. With the ratcheting platform, we isolated (A) AMB-1 without any MNPs and also (B-C)
over-producers that produced 2 fold more MNPs compared to the original population. n = 30 per TEM/selection
cycle. (D) High aqueous stability of the MNPs produced by over-producers. The (E) size and (F) shape of the
MNPs produced by over-producers were also similar to the control AMB-1 population.

We next investigated the elemental composition of the MNPs as MNPs composed fully of
magnetite are more useful for biomedical applications such as cancer hyperthermia. To understand
whether the process of directed evolution affected the compositional purity of the MNPs produced
by our AMB-1 over-producers, we performed high resolution TEM and compared their

corresponding crystal lattice to wild-type AMB-1. Fig. 4A shows that for all lattice fringes that
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could be resolved, the MNPs produced by AMB-1 over-producers were determined to be
magnetite. Lastly, we determined the functional properties of the MNPs through SQUID
measurement and found no significant difference between the AMB-1 wild-type and over-
producers, supporting that MNPs produced by the latter maintained their ferromagnetic properties

(Fig. 4B).
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Fig. 4 Magnetic properties of the MNPs produced by AMB-1 over-producers were similar to that of control AMB-
1. (A) High resolution TEM showed that for all resolvable fringes, the MNPs produced by both AMB-1 control
and over-producers were determined to be composed of magnetite. (B) SQUID analysis showed that the long
moment of the MNPs produced by AMB-1 over-producers were highly similar to that of AMB-1 control. Bottom:
The line transparency of the mutant MNPs is reduced to reflect the overlap with that of the control.

4.3 Conclusions

Here, we described the combination of random chemical mutagenesis and phenotypic selection
using a magnetic ratcheting platform for enrichment of AMB-1 over-producers. Through this
system, we generated AMB-1 with 2-fold more MNPs/bacterium than the original population.
This number is similar to the highest reported increase in number of MNPs/bacterium?? but the

time taken to generate the over-producers was significantly less.
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Moving forward, we plan to perform whole genome sequencing of our over-producers after
single colony isolation to potentially discover novel functions of genes regulating
biomineralization. Nonetheless, we must acknowledge that this is not a trivial task. Takeyama
group attempted to sequence the whole genome of AMB-1 but there are regions with missing
sequences and more than 2290 open reading frames are unknown and useless for functional
predictions.?® The problem is also compounded that the AMB-1 sequence has not been
independently verified for compliance with the finishing standard for error rates. Hence, while
gene dissection is a great complement to this paper for generating MTB over-producers,
practically, this endeavor requires significantly more time and resources beyond our current means
in the absence of collaborations.

It is also important to highlight that the scope of this result is to present a magnetic platform
to enrich MTB over-producers that produce functional MNPs for biomedical applications. While
gene sequencing is important for subsequent targeted genetic manipulations to generate MTB
over-producers, here, we would like to emphasize, arguably, the greater utility of phenotypic
selection, especially for our goal of enriching MTB over-producers for their high quality MNPs.
Firstly, over-expression of key genes responsible for biomineralization does not necessary
generate mutants producing MNPs with the same useful properties as MNPs from wild-type MTB.
For instance, the Rhodospirillum rubrum mutant generated by Kolinko et al. did not produce MNPs
with uniform size and magnetic properties as MTB.?'® In addition, Taoka et al. increased the
number of MNPs/bacterium in AMB-1 that over-expressed mamP but the shape/size of MNP
became highly heterogenous.?®® To the best of our knowledge, all existing studies that tried to
generate MTB over-producers with targeted genetic manipulations did not show comprehensive

evidence that the magnetic properties of MNPs produced by over-producer mutants were similar
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to wild-type.?*® This is especially true as HRTEM was not performed to determine whether the
MNPs from mutant over-producers are still composed of 100% magnetite useful for biomedical
applications or iron sulphide that has been reported elsewhere and are not as useful as they do not
respond to both static and alternating magnetic fields. On the other hand, our AMB-1 over-
producers generated MNPs with size distribution and shape of the MNPs similar to wild-type,
supporting the utility of MNPs for intended biomedical applications where size/shape factors can
affect processes such as cytotoxicity and endocytosis. Through high resolution electron
microscopy and SQUID, we also determined that the MNPs produced by the AMB-1 over-
producers had high compositional purity of magnetite and similar magnetic properties to the wild
type. It is important to highlight that as the ratcheting platform selects for over-producers not only
based on their magnetic contents but also that the MNPs were ferromagnetic (and hence composed
of 100% magnetite) for the bacteria to experience substantial magnetic forces. As the goal of our
project is to generate functional MNPs, we argue that the properties of the MNPs from our over-
producers are a more useful indicator than the discovery of novel genes to assess the utility of our
magnetic ratcheting platform.

Secondly, targeted modifications of the genome may not necessarily be associated with the
phenotypes of interest. With increasing evidence from single cell analysis, it is becoming clear that
cells can harbor huge variations in genome which are not expressed in phenotypes or have the
same genome but different phenotypes due to reason such as stochastic expression of genes.?*
One particularly good example is the mutant produced by Lohpe et al.??! where there is double
copy of genes in the MAI. While the mutant over-produced 2-fold more MNPs/bacterium, through
discussion with the Schiiler’s group, we learnt that the mutant is extremely prone to losing its over-

producer phenotype due to the extra set of genes needed for replication during cell division. This
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is not a new problem in molecular biology where it is frequently observed that cells face selection
disadvantage to uptake and integrate large plasmids into their genomes. Most notably, as there are
frequent deletions and rearrangements in the MAI,?? the stability of MTB mutants produced by
targeted genetic manipulations is also lower than most other bacteria. On the other hand, our AMB-
1 over-producers maintained their stable phenotypes for up to 60 days which was not reported by
other existing papers, showing that magnetic ratcheting generated sufficient selection pressure for
over production of MNPs.??

One limitation in this paper is the use of random chemical mutagenesis which did not
provide a high yield of over-producers consistently. As we learn more about the AMB-1 genome,
it may become feasible to combine targeted genetic manipulations with our magnetic ratcheting
platform to generate AMB-1 over-producer strains better than what we have reported here and
elsewhere. We envision the utility of our magnetic ratcheting system and targeted genetic
manipulation to generate MTB over-producers with known genetic make-up and stable
phenotypes.

MNPs produced by MTB have numerous advantages over their chemically synthesized
counterparts. However, there is currently no suitable selection technology to boost the production
of biologically synthesized MNPs by MTB. We believe that the magnetic ratcheting system
described here provides an automated, quantitative and high throughput avenue to facilitate

biotechnological breakthroughs using MTB including single cell analysis, magnetic content

quantification and enrichment of over-producers.

4.4 Materials and Methods

Culture Conditions
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AMB-1 (ATCC700264) was grown in magnetic Sprillum growth media (MSGM) supplemented
with ferric malate (30 pM) as previously described.?!’ For clone selection, AMB-1 was plated onto
0.7% agar. Cultures for Cmag measurements or TEM were grown in 10 mL MG medium containing
25 mM HEPES buffer (pH 7.2) and ferric malate under a 10% oxygen atmosphere at 30°C in
sealed tubes. Mutagenic media also contained 10 pug/mL 5-bromouracil. Relative growth rate was

determined as a ratio of ODeoo measured with an Agilent 8000 UV-Visible spectrophotometer.

Characterization of cellular magnetization (Cmag)

The Cmag was determined as previously described.?*? Briefly, OD400 nm was measured on an
Agilent 8000 UV-Visible spectrophotometer with a magnet parallel or perpendicular to the
spectrometer beam and the ratio (Cmag = A400 nm, perpendicular/A400 nm, paraller) Was calculated. The

Cmag measurements were performed in biological triplicates from three independent growths.

Isolation of magnetosomes

AMB-1 were re-suspended in 10 mM Tris-HCl buffer and sonicated for 40 mins with an alternating
sonicator pulse (1 s ‘ON’, 1s ‘OFF’) at 15 W to extract the magnetosome chains. After sonication,
the solution containing the extracted magnetosome chains was placed against a 450 mT magnet
and the supernatant was removed. The supernatant was removed after 30 min of magnetic
treatment and this was repeated 3 times before re-suspending the magnetosomes in 20 uL Tris-

HCl for high resolution TEM.

SQUID Characterization
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Magnetic properties of the MNPs were measured using SQUID (superconducting gquantum
interference device). Briefly, the hysteresis curve was obtained from measuring the magnetic

moment as the field is changed from 10000 Oe to -10000 Oe and then back to 10000 Oe at 298 K.

Chip Fabrication

Polished borosilicate glass (Fisher) slides were cleaned with piranha solution (30 min), washed in
DI water and dried before deposition of 50-nm-Ti, 200-nm-Cu and 50-nm-Ti seed layer using a
CHA Mark 30 E Beam Evaporator. SPR 220 photoresist was spun and processed according to
specification to form electroplating molds for nickel-iron alloy. Ti was etched in 1% HF, and
NixFey was electroplated in a custom plating setup to a ~ 4um thickness. Photoresist was stripped
and both the Ti and Cu layers were etched completely. The chip was sealed by deposition of 100
nm SiN (PECVD). Spin on polystyrene was spun to a thickness of ~1um above the pillars. Before

use, substrates were immersed in 2% by volume Pluronic F127 for 45 minutes.

Automated Ratcheting System and Particle Experiments

The automated ratcheting system consists of a radial array of N52 grade rare earth neodymium
ferrite magnets (KJ Magnetics), with a quasi halbach array arrangement (strength ranged from 20-
200mT), driven by a custom designed mechatronic system and Labview® interface. Streptavidin
coated 1 um iron oxide particles with 17% iron oxide content (Invitrogen), were functionalized
with biotinylated FITC fluorescent probes (Invitrogen) to collect data for model in Sup Fig. 3.
Particles were diluted to working concentrations between 0.5~1 x 10° particles/mL. PDMS
interface chips (Dow-Corning) were fabricated using scotch tape lithography and clamped to the

ratcheting chips using a custom made polycarbonate clamp. Separation experiments were executed
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by inverting the chip on the stage of a Nikon Eclipse Ti fluorescent microscope and positioning

the ratcheting system above it.

Electron microscopy

An aliquot of cell culture (100-500 pL) was pelleted by brief centrifugation (14,000 x g) for 10
min aerobically at room temperature and resuspended in MSGM (~10 uL). The cells were
adsorbed onto 400-mesh copper grid coated with Formvar/Carbon (TedPella Inc.). TEM was
performed using 120 kV T12 Quick CryoEM with a point resolution of 0.34 nm. High resolution
TEM was performed using Titan S/TEM at 200 kV with 0.19 nm resolution. Imaging and data
processing was performed at the UCLA CNSI Electron Imaging Center for NanoMachines

(EICN). Electron diffraction simulation was performed using crystal maker software.
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Chapter 5: Magnetic Microfluidic Separation for Estimating the Magnetic

Contents of Magnetotactic Bacteria

5.1 Introduction

In Chapter 4, | described the use of magnetic ratcheting system. Nonetheless, the platform does
not allow continuous enrichment of MTB over-producers in a long-term sterile condition. In this
chapter, | detail the development of a magnetic microfluidic system that can overcome the
limitations of magnetic ratcheting system using Afla MTB. | also present a proof of concept design
that a parallelized version of the magnetic microfluidic system can be coupled to a bioreactor for
high volume sorting of MTB based on their magnetic content.

Current tools for selecting MTB based on the quantity of magnetic material per cell are
limited. The available tools used for MTB selection are electron microscopy, C-mag and color
inspection of the bacterial colonies.???> These methods are slow, subjective, non-automated and
non-quantitative. Tay et al. overcame some of these limitations by describing a magnetic ratcheting
system for directed evolution of MTB as described in Chapter 4. However, the setup is non-sterile
and cannot be integrated with a bioreactor for continuous selection/enrichment of MTB of interest
(Appendix D Table 1).

Microfluidic flow has been exploited for cell separation based on cellular properties like
size, deformability, surface antigen expressions and also magnetic contents.?*® The micro
dimensions of microfluidic channels allow steep magnetic fields to be established locally to
generate significant magnetic forces to deflect the motion of MTB mutants by their number of
ferromagnetic magnetosomes as they flow through the micro-channels.

Here, we describe a magnetic microfluidic device for fast selection and estimation of

magnetic content of MTB i.e. Magnetospirillum magneticum (AMB-1). To overcome bacterial

88



flagella motion, we transiently treated AMB-1 with cold temperature (10 °C) at pH 8.5 which did
not affect their long-term cell division and magnetosome production rate. Next, using previously
generated AMB-1 mutants with average number of magnetosomes/bacterium of 3.0 + 0.5, 11.2 +
3.7 and 25.0 + 3.5, we demonstrate the potential of the magnetic microfluidic chip to perform
estimation of magnetic content in the AMB-1 mutants. In addition, we applied this device for
processing another popular MTB strain, Magnetospirillum gryphiswaldense (MSR-1) for cell
cycle synchronization. We believe microfluidic technology can greatly facilitate biological

applications with MTB from selection to analysis.

5.2 Results and Discussions

5.2.1 Design of magnetic microfluidic device

The magnetic microfluidic device consists of 2 inlets, top for media and the bottom for MTB
suspension, and 2 outlets i.e. selection (top) and waste (bottom) (Fig. 1a). A neodymium magnet
is placed adjacent to the micro-channel to generate a local magnetic field. An incision
approximately the dimension of the magnet is made ~0.9 cm away from the microchannel to hold
the magnet firmly in place. AMB-1 flow through the bottom inlet and experienced different
magnitudes of magnetic forces based on their magnetic contents which determine whether they
exit through the selection or waste outlet. The cross-stream migration of AMB-1 is determined by
the balance between Stokes’ drag and magnetic forces (Appendix C Equation 1 and 4). AMB-1
having more magnetosomes experience greater magnetic forces which increases their terminal

velocity (y-axis) for crossing the stream (Fig. 1b).
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5.2.1 Optimizing flow ratio with particles

To understand the initial streamlines occupied by AMB-1 under flow in micro-channels, we first
characterized the motion of 3 um non-magnetic beads which is about the average size of AMB-1
(Fig. 1b). This process is also useful for us to pinch the bottom stream as the positions of the AMB-
1 along the z-axis parabolic velocity profiles also affect their transit time for crossing the stream.
As expected based on conservation of mass, with a higher flow ratio between the buffer and
particle inlets, particles focused closer to the bottom channel wall.

We observed behavior at a flow ratio of 0.5 to 10 (media inlet/MTB inlet) with the flow
rate of the MTB inlet set at 10 uL/min. Fig. 1c shows tighter focusing of the beads to the bottom
channel wall as the flow ratio increased. Tight focusing is useful for us to minimize low magnetic
content AMB-1 being collected at the selection outlet. Since we create flow with syringe pumps,
we also found that when the combined inlet flow rates were below 10 uL/min, the flow was highly
unstable and slight disturbances to the device disrupted the focusing behaviors of the beads.

Next, we characterized the deflection of 1 um magnetic beads under different magnetic
field strengths 0-450 mT at a flow rate of 10 uL/min (MTB inlet). As the distance between the
magnet and microchannel is kept constant, a stronger magnet provided a steeper field gradient to
generate stronger upward forces (Appendix C Equation 1). The average number of
magnetosomes/AMB-1 bacterium is 11-20 and based on the magnetic properties of the
magnetosomes, a chain of 20 magnetosomes is expected to experience a similar magnetic force as
a 1 um magnetic bead due to their similar magnetic volumes (Appendix D Table 2). We found
that a neodymium magnet providing a magnetic field of 373 mT (Appendix D Fig. 1) and 450 mT

is sufficient to deflect ~70% and ~80% of 1 um magnetic beads into the selection outlet
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respectively (Fig. 1d). This characterization allows us to establish the threshold magnetic

field/force to isolate AMB-1 mutants of interest i.e. those with > 20 magnetosomes/bacterium.

Neodynium
magnet

Channel @
©  width (um) ‘ID
% beads at
selection outlet

05 10 15 20 50 10 0 150 373 450

Flow ratio (media inlet/MTB inlet) Magnetic field strength (mT)
Fig. 1 Optimizing parameters for micro-channel flow. (a) Design of microfluidic device for magnetic deflection.
(b) AMB-1 with different number of magnetosomes. The average length of AMB-1 is about 3 pum. (c) Focusing
behaviors of 3 um beads at different flow ratios. A minimum flow ratio (buffer inlet/ MTB inlet) of 1.5 is needed
to completely focus all the non-magnetic beads into the waste outlet. The white-colored areas represent the widths
filled by the 3 um beads. Inserts: focusing widths of the 3 um beads. (d) Deflection of 1 um magnetic beads at
different magnetic field strengths. A magnetic field strength of 300 mT is sufficient to deflect ~70% of 1 um

magnetic beads.
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5.2.3 Minimizing flagella motion

We observed that at the optimized flow rate of 10 uL/min for the MTB suspension, the bacterial
flagella motion could overcome magnetic forces, thus reducing the isolation efficiency and purity.
We hence evaluated flagella motion under different conditions and sought to modify the operation
environment to minimize flagellar movements. We tracked the motion of the AMB-1 at 4 °C, 10
°C, 25°C, 37 °C and 50 °C, and found that as the temperature increased, the normalized root mean
square (RMS) speed increased, possibly due to greater bacterial metabolic rates (Fig. 2a). We also
tracked the flagella motion from pH 7.5 (their typical growth media condition) to pH 10 with 0.5
step increment. Consistent with the knowledge that the flagellar motion is powered by the proton
pump,?** we observed that as the pH becomes less acidic i.e. less available protons, the normalized
RMS speed of the AMB-1 decreased (Fig. 2b-c). Interestingly, at pH 9.5 and 10, the trend reversed
which we hypothesize might be due to activation of stress responses in AMB-1. Another way to
remove flagellar motion is to knock out the fla gene encoding for flagella which was shown not to
affect the growth and magnetosome production rates in MTB.?#

Next, we assessed the growth and magnetosome production rate of AMB-1 that have been
transiently treated with 10 °C media at pH 8.5 for 45 min. The treatment time was determined
based on the maximum time the AMB-1 had to be under these environmental conditions during
microfluidic flow (Appendix D Table 3). We found no significant difference in the optical
densities after 3 days of culture in normal culture media and number of magnetosome per cell (Fig.
2d) in AMB-1 that were subject to the cold/alkaline treatment.

Lastly, we measured the magnetic properties of AMB-1 transiently treated with 10 °C
media at pH 8.5 for 45 min and found that consistent with literature,?*® the treated AMB-1 still

displayed ferromagnetic properties (Fig. 2f). This property allowed us to magnetize AMB-1 and
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deflect the mutants of interests as they flow through the micro-channel even after cold/alkaline
treatment. We also noted that the magnetic saturation of the AMB-1 was around 60 Oe (i.e. 6 mT)
and that our choice of magnetic field strength of 373 mT is sufficient to induce saturation to
generate maximum magnetic forces to deflect the AMB-1.

Based on the previous characterization conditions, all our later experiments were
performed with AMB-1 suspended in 10 °C, pH 8.5 media flowing in micro-channels in the
presence of a 373 mT magnetic field. However, MTB does not grow optimally under the
cold/alkaline environment so instead, we propose to use this magnetic microfluidic device for
guantitative estimation of the magnetic contents in MTB. However, in Section 5.2.6, I will show
a proof-of-concept how we can still use the platform for large scale MTB cultivation using Afla

MTB.
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Fig. 2 Modification of flow environment to minimize flagella motion. (a) Normalized root mean square speed of
AMB-1 at 25 °C, pH 7.5, and different temperatures. Inserts: tracked trajectories of the AMB-1 at 10 °C and 25 °C
showing significantly reduced motion in the former condition. n = 20 for each condition. (b) Normalized root mean
square speed of AMB-1 (to 25 °C, pH 7.5) at different pH. n = 20 for each condition (c) Time lapse image of AMB-
1 at pH 7.5 and 8.5 showing reduced motion at the latter condition. No significant difference in (d) optical densities
after 3 days of culture in normal media and number of magnetosome per cell in AMB-1 treated with 10 °C media
at pH 8.5 for 45 min. (e) Hysteresis curves showing AMB-1 are still ferromagnetic even after transient cold/alkaline
treatment. (a-b) * p < 0.05, ** p < 0.001 relative to condition at 25 °C and pH 7.5. Note: AMB-1 were cultivated
at 37 °C but normalization was performed at 25 °C and pH 7.5 as microfluidic cell sorting was performed at this
temperature.

5.2.4 Assessing the precision of quantitative estimation of magnetic contents in AMB-1 mutants
We show in Chapter 4 that by combining random chemical mutagenesis and selection using a

magnetic ratcheting platform, we could generate AMB-1 mutants with average (A) 3.0 + 0.5, (B)
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11.2 + 3.7 and (C) 25.0 £+ 3.5 magnetosomes/bacterium with representative bacteria from these
population shown in Fig. 3a.

Next, we wanted to characterize the isolation efficiency of the AMB-1 mutants with
varying numbers of magnetosomes/bacterium. We found previously with TEM that ~0 % of the
AMB-1 mutants with 3.0 £+ 0.5 magnetosomes/bacterium, ~15 % of the AMB-1 mutants with 11.2
+ 3.7 magnetosomes/bacterium and ~95% of AMB-1 mutants with 250 + 35
magnetosomes/bacterium have more than 20 magnetosomes/bacterium (mutants generated in
Chapter 4). Hence we expect the same respective percentages of AMB-1 at the selection outlet.
Fig. 3c shows that the experimentally obtained results, where the locations of 30 individual AMB-
1 mutants per condition were tracked from image frames captured with a high-speed camera, were
similar to theoretical expectations of ~0 % of the AMB-1 mutants with 3.0 + 05
magnetosomes/bacterium, ~15 % of the AMB-1 mutants with 11.2 + 3.7 magnetosomes/bacterium
and ~95% of AMB-1 mutants with 25.0 + 3.5 magnetosomes/bacterium.

Lastly, we wanted to determine the isolation efficiency of the microfluidic device in a
mixed population of AMB-1 mutants with 11.2 + 3.7 magnetosomes/bacterium (A) and 25.0 +
3.5 magnetosomes/bacterium (B) in ratio of 9:1 and 19:1. We then calculated the percentage of
cells going to either outlets by tracking the motion of individual AMB-1 (Fig. 3d). Cold/alkaline
treatments did not affect the growth or magnetosome production rates of these mutants (Appendix
D Fig. 2). Theoretically, we would expect ~10% and ~5% of the AMB-1 mutants at the selection
outlet based on the ratio of (A:B) 9:1 and 19:1 respectively. Experimentally, we observed 13% and
7% of the AMB-1 mutants exiting through the selection outlet which were close to the respective

theoretical estimates. This data supports the utility of our magnetic microfluidic platform to
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quantitatively estimate magnetic contents in different AMB-1 populations in a fast, cheap and

convenient manner.
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Fig. 3 Assessing the accuracy of quantifying the magnetic contents in AMB-1 mutants. (a) Library of AMB-1
mutants with various number of magnetosomes/ bacterium. (b) Left: example bright-field image of AMB-1 flowing
into the waste outlet for AMB-1 mutants in group A. (c) Experimentally obtained results of % of AMB-1 in different
groups at the selection outlet (n = 30 each condition). (d) Experimentally obtained results after isolating mixed
populations of AMB-1 mutants (n = 50 for each condition). A: AMB-1 mutants with 0 + 0.5
magnetosomes/bacterium. B: AMB-1 mutants with 11.2 + 3.7 magnetosomes/bacterium. C: AMB-1 mutants with
25.0 £+ 3.5 number of magnetosomes/bacterium.

5.2.5 Sorting fluorescent wild-type magnetic MSR-/ from AmamAB non-magnetic MSR-1

We also show that the technology can be translated for use with MSR-1 (see experimental
conditions in Appendix D Table 5), another popular MTB strain. We inhibited flagellar motion
of MSR-1 with the cold, alkaline condition and processed the samples through the magnetic
microfluidic platform. Fig. 4a shows that the MSR-1 population could be distinguished from the

5 um beads and that most of the MSR-1 were at the dividing/growing phase as they were smaller
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than 5 um. Wild-type (WT) MSR-1 can be isolated at the selection outlet with 71% (WT-GFP)
and 80% (WT-mCherry) efficiency while AmamAB which do not have magnetic nanoparticles®*’
are largely absent from the selection outlet (Fig. 4b). Next, we mixed equal numbers of WT and
AmamAB MSR-1 (at the same optical density, OD) of different fluorescent colors together and
sorted them. The isolation purity was high, yielding more than 95% of the WT populations at the
selection outlet (Fig. 4b). Fig. 4c shows the flow cytometry results when WT-mCherry was mixed
with AmamAB-GFP MSR-1. The population at the selection outlet had 93.7% of WT-mCherry

MSR-1 while the waste outlet had 95.3% of AmamAB-GFP MSR-1.

5.2.6 Cell cycle synchronization of non-motile AflaA MSR-1

MSR-1 populations at the same phase of the cell cycle can provide a better understanding of
processes like magnetosome synthesis and segregation. Cell cycle synchronization is typically
performed with chemical agents such as Nocodazole or exploiting physical differences in cells like
density. However, chemicals can be toxic and affect metabolism in subsequent cell generations.?*?
Current physical method such as density centrifugation and counterflow centrifugal elutriation are
also not sensitive enough and can exert unnecessary shear stresses on the cells.?*® The method
involving continual media change to keep MSR-1 at the growth phase is time-consuming.?*°
Longer MSR-1 at the stationary phase are expected to have difficulty overcoming Stokes drag
(Appendix D Table 6). We show that our technology was able to isolate sub-populations of AflaA
MSR-1 without flagella (Appendix D Fig. 3) with different average lengths (Fig. 4d, g) i.e. shorter
at the selection outlet (Fig. 4¢) and longer at the waste outlet (Fig. 4f). The ODses of the MTB at

the waste outlet after 4 hr (sufficient time only for 1 cell division) were also higher than that in the
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selected outlet, showing that a greater proportion of cells in the waste outlet was in the stationary

phase (Fig. 4h).
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Fig. 4 Applying magnetic microfluidic device for use with MSR-1. (a) The gating of MTB population can be
distinguished from 5 um beads and the MTB existed at the dividing phase of cell cycle. (b) WT magnetic MSR-1
can be isolated from the selection outlet at high yield (~70-80%) while AmamAB non-magnetic MSR-1 are
excluded from the selection outlet. A: WT-mCherry mixed with AmamAB-GFP; B: WT-GFP mixed with
AmamAB-mCherry. The isolated cell population at the selection outlet also had >95% of WT MSR-1. (c) Example
of flow cytometry data from A. Note that as there was bleaching of mCherry signals into GFP signals, it seemed
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that there were a high percentage of AmamAB-GFP MSR-1 in the selection outlet which was not true. The selection
outlet contained 93.7% WT-mCherry MSR-1 while the waste outlet contained 95.3% AmamAB-GFP MSR-1. (d-
g) Cell cycle synchronization of MSR-1. Longer MSR-1 at the stationary phase experience more Stoke’s drag and
are preferentially isolated at the waste outlet. The length of 30 MTB was measured for each condition. (h) ODsgs
of the MSR-1 at waste outlet was higher than that in the selected outlet 4 hr (sufficient time only for 1 cell division)
after microfluidic processing.

5.2.7 Parallelized design for microfluidic bioreactor

Multiplexing of microfluidic channels is now a common way to increase the throughput of cell
sorting for applications such as cell sorting in a bioreactor where large volume processing is
necessary. Fig. 5 presents a simple design showing how parallelized version of the magnetic
microfluidic system may work. This application would also be advantageous as labs are trying to

culture MTB in large scale to harvest their magnetosomes for biomedical applications.
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Fig. 5 Design of a microfluidic bioreactor. The magnetic microfluidic platform can be
parallelized for large volume cell sorting.
5.3 Conclusions
Here, we designed a simple microfluidic chip for cheap, rapid, semi-automated, objective and
quantitative estimation of magnetic content and cell cycle synchronization of MTB. There are a
few reasons why we believe this technology can be suitably adopted in microbiology laboratories.
Firstly, the device has dimensions with >20 um dimensions, which makes micro-fabrication
simple. Next, there is no need for any sophisticated instruments or protocols to run the process as

only syringe pumps are needed to control the flow rates. Therefore, laboratories working on
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different MTB strains can modify the flow rates and magnetic field strengths for their specified
interests although higher flow rates may reduce the selection efficiency of MTB and require higher
magnetic field gradient. We also acknowledge that to serve as a tool for quantitative estimation of
magnetic contents in MTB, the operating parameters of the magnetic microfluidic device must
first be characterized with a known or physically similar (e.g. shape and size) MTB strain.

The device can also be useful as a means for single cell analysis. By using a slow flow rate
in the micro-channel and a diluted MTB suspension, single MTB of interest may be isolated into
individual wells in a well-plate for subsequent culture and downstream assays like genome
sequencing. We also envisage a highly-parallelized version of this platform to be coupled to a
bioreactor for large scale, continual enrichment/selection of MTB mutants of interests.?*® This
system would also be useful to investigate the effects of culture environment such as stirring,
presence of iron chelator and poly-ethylene-glycol (PEG)?® and genetic manipulations?*! on

magnetosomes production rates.

5.4 Materials and Methods

Micro-fabrication

The mold with its specific channel dimensions (length: 2 cm, width: 500 um, height: 23 um) was
designed and fabricated using a conventional microfabrication technique.?> The microfluidic
biochips were fabricated by casting a degassed polydimethylsiloxane (PDMS) polymer (mixed in
aratio of 10 : 1, Sylgard 184, Dow Corning, USA) on the patterned wafer and subsequently baking
for 2 h at 70 °C. After curing, PDMS was peeled off from the patterned wafer and access holes
(0.5 mm) for fluidic inlets and outlets were punched using a Uni-Core™ puncher (Sigma-Aldrich

Co. LLC.); then, the PDMS devices were irreversibly bonded to glass using an oxygen plasma
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machine (Harrick Plasma) to complete the channels. The assembled device was finally placed in

an oven at 70 °C for 2 h to further enhance bonding.

Device characterization with beads

The microfluidic devices were mounted on an inverted phase contrast microscope coupled with a
high-speed CCD camera (Phantom Vv9, Vision Research Inc., USA). The microfluidic chip was
primed with buffer (1x PBS, 2 mM EDTA supplemented with 0.5% BSA) using a syringe pump
(PHD 2000, Harvard Apparatus, USA) for 2 min at a flow rate of 500 uL min*. During testing,
the beads (1 pum magnetic beads to imitate AMB-1 with 20 magnetosomes and 3 um polystyrene
beads to imitate the size of AMB-1) were filled at a concentration of 1 x 10’/mL into 10 mL
syringes and pumped through the microfluidic device via PEEK tubing (0.020°” x 1/32”” x 5, IDEX
Health & Science). The flow rate was varied to find the optimized flow ratio and the external

magnetic field strength was also varied to optimized selection purity.

Magnetic field measurements
Magnets were set up on Magnetic Cleanliness Chamber and magnets were adjusted to a height
such that it is aligned with the center of the Hall magnetometer sensor. The magnetic field strength

was then recorded at difference distances.

Culture conditions
AMB-1 (ATCC700264) was grown in magnetic Sprillum growth media (MSGM) supplemented
with ferric malate (30 pM) as previously described.?'” For clone selection, AMB-1 was plated onto

0.7% agar. Cultures for Cmag measurements or TEM were grown in 10 mL MG medium containing
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25 mM HEPES buffer (pH 7.2) and ferric malate under a 10% oxygen atmosphere at 30°C.
Mutagenic media also contained 10 pg/mL 5-bromouracil. Color inspection was performed on
AMB-1 cultured on agar plate supplemented with ferric malate. AMB-1 treated with 10 °C media
at pH 8.5 for 45 min was centrifuged and re-suspended in normal media. Relative growth rate was
determined as a ratio of ODsgo measured with an Agilent 8000 UV-Visible spectrophotometer. To
ensure validity in comparing the isolation efficiency of different AMB-1 mutants, the mutants were
all subject to the same growth conditions and processed through the microfluidic device in their

growth phase (average length of 3 um).

All strains of MSR-1 was cultured in hung-gate tube with 2% O in standard MSR-1 media.?>? For
cell cycle synchronization experiment, MSR-1 WT was treated with 10 °C media at pH 8.5 for 45
min to minimize flagella motion, and was centrifuged and re-suspended in normal media before
processing through the magnetic microfluidic chip. It is important to have a relatively diluted
sample as the MSR-1 have spirillum shapes and may be clustered together which affect the balance

of the forces.

Trajectory tracking

AMB-1 was tracked using TrackMate plugin®>® (DoG (difference of Gaussian) detector, 2.0 pm
blob diameter, linking: 2 um, filter: paths shorter than 50 frames were rejected, At=60s,t=1s).
The raw data was then exported into an excel sheet calculated for root mean square speed (RMSS)

i=p—-1

. 1 1
using the formula: RMSS = -+ —— Y27 VIKizr — 212 + 1 0isr — Y)I%
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Microscopy

MSR-1 was isolated according to the experimental conditions stated in Appendix D Table 4. The
samples were then centrifuged at 14,000 rpm for 10 min followed by resuspension in leftover
media. Liquid agarose (700 uL) was pipetted onto a glass slide and allowed to gel for 30 mins. 5
ML of the sample suspension was then pipetted onto the glass slide before bright field imaging with

Olympus 1X81 microscope (100x).

Electron microscopy: An aliquot of cell culture (100-500 pL) was pelleted by brief centrifugation
(14,000 x g) for 10 min aerobically at room temperature and resuspended in MSGM (~10 pL).
The cells were adsorbed onto 400-mesh copper grid coated with Formvar/Carbon (TedPella Inc.).
TEM was performed using 120 kV T12 Quick CryoEM with a point resolution of 0.34 nm. High
resolution TEM was performed using Titan S/TEM at 200 kV with 0.19 nm resolution. Flagella
was visualized after staining with uranyl acetate. Imaging and data processing was performed at

the UCLA CNSI Electron Imaging Center for NanoMachines (EICN).

Statistical analysis

Statistical analysis on the mean square speed of the AMB-1 at different temperatures and pH (n =
30 for each condition) was performed using Student’s t-test after testing for normality by plotting
the data as a bell-shaped histogram. Statistical analysis on the Cmag 0f MSR-1 AflaA was performed
by first testing for equality in variances with F-test followed by using the appropriate t-test for

testing differences in mean.
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Chapter 6: Outlook for Magnetic Neural Stimulation Techniques

In the previous chapters, | discussed the use of magnetic nanoparticle (MNP)-based technique for
acute and chronic neural stimulation, followed by using magnetic ratcheting/magnetic microfluidic
platforms for selecting magnetotactic bacteria over-producers for generating high quality MNPs.
Nonetheless, the uniformity of MNPs properties is only one of the challenges to overcome to
translate magnetic techniques for in vivo animal and clinical use. This chapter addresses the other
challenges and propose strategies to overcome them.

To deliver magnetic nanoparticle-based neural stimulation technologies for translational
research and clinical applications, innovations should be made in three main areas i.e. (i) reporters
to measure electrophysiological activity in the presence of magnetic fields, (ii) nanotechnology to
transduce signals with minimal side effects and (iii) devices to deliver energy with high

spatiotemporal resolution.

6.1 Reporters of magnetic stimulation

The first step to validate the usefulness of neural stimulation techniques is to monitor cellular
responses during stimulation. The ‘gold’ standard to monitor electrophysiological activities of
neurons is the patch clamp technique. Based on the patch clamp configuration, the activity of single
or multiple ion channels can be measured at a time.'® The solution in the patch pipette can also be
modified to contain neurotoxins to block specific ion channels to increase the specificity of the
measurement. However, there are major drawbacks in patch clamping.?!® Firstly, it requires an
expensive set-up. Next, it has a steep-learning curves as different models and rigs can pose
challenges even to the most experienced users. Thirdly, it has extremely low throughput. Although
multi-cell patch clamps and microfluidic-based patch clamp electrodes are available, the
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throughput is still low compared to newer genetics-based techniques.?> Lastly, the set-up for patch
clamping is not always compatible with the described technologies for remote control of neuronal
activities. For instance, any alternating magnetic field that is applied to the neurons leads to
interference with the readings from the patch clamp amplifier electronic components.t’? Hence
there has been efforts to shift away from patch clamping with major progress in the development
of genetically-encoded calcium or voltage sensors.

As intracellular calcium levels are responsible for controlling numerous signaling
cascades,® there has also been substantial interest to develop indicators with faster response time
or fold change in signals. There are various commercially available fluorophores such as fluo-4
and Rho-3 to monitor intracellular calcium levels but they are a few fold less sensitive than
GCaMP, a genetic indicator of calcium designed by Chen et al.1% Different versions of the GCaMP
indicators have been used for in vitro and in vivo studies.?®® There are also other recently developed
genetically encoded calcium indicators that offer higher fold change in fluorescence than GCaMP
upon calcium binding and they also have shorter response time.?>® Recently, Berlin and co-workers
utilized a rational design strategy to develop an even more sensitive photo-cleavable genetically
encoded calcium indicators that they claimed can be transferred to other fluorescent proteins using
circularly permutated GFP.2>” However, genetically encoded calcium indicators may affect
calcium dynamics by buffering calcium, thus affecting processes such as cellular signaling.?%®
They are also biased to suprathreshold signals and cannot capture small subthreshold events that
affect membrane voltage. Finally, calcium dynamics are confounded by the diffusion rates of
calcium.®®

One other way to correlate electrophysiological responses with remote stimulation is to use

genetic indicators of voltage. The Cohen lab has generated a library of genetically encoded voltage

106



indicators such as QuasArl and CheRiff that can be effectively integrated with microscopy to
monitor cellular responses.?®® Akemann et al. have also developed fluorescence resonance energy
transfer-based voltage sensitive fluorescent proteins that are targeted to the cell membrane for
reporting changes in membrane potential.?5! The team has demonstrated the utility of the voltage
indicators in the cortices of primary neurons, brain slices and mice models. Nonetheless, there are
still challenges to overcome to design better voltage reporters.?®®22 Firstly, as the plasma
membrane is thin, the density of embedded voltage indicators is limited. This can limit the fold
change in signal. The problem is further complicated by the vulnerability of membrane to
disruption due to strong light sources. Secondly, many membranes in the cells are internal
membranes and if the chromophores bind indiscriminately to membrane, the background noise
will be very high. Next, as the plasma membrane undergoes active remodeling, the addition of
chromophores may affect its biophysical properties. Lastly, there is also a challenge to correlate
optical signals to voltage signals as there is insufficient knowledge about the biophysical

mechanism of voltage sensitivity.

6.2 Nanotechnology

Once the usefulness a magnetic-enabled neural stimulation technique is validated, it is critical to
further optimize the properties of the MNPs that are used to generate heat and exert mechanical
forces. The main challenges in nanotechnology include synthesizing MNPs with homogenous size,
thermal and magnetic properties, minimal aggregation and cytotoxicity, high specificity and ease

in crossing the blood brain barrier (BBB).
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6.2.1 Microfluidics for magnetic nanoparticle synthesis

Microfluidics technologies can help synthesize NPs with narrower size distributions and reduced
batch-to-batch variability.?53-2% The properties of NPs in bulk synthesis may not be uniform as it
is difficult to control the mixing time of reagents, reaction temperature and reaction time.?%
However, microfluidic platforms enable rapid mixing with external actuators like stirrers and
electric fields and even without external actuators such as by using flow focusing.?*® Furthermore,
solvent flow rates and channel geometry can also be modified to optimize NP synthesis in micro-
channels.?*® The high spatiotemporal control in microfluidic platforms also facilitate synthesis of
NPs with uniform properties necessary for heating® or piezoelectric® functions.

Another advantage of using microfluidic system is that it uses a low volume of toxic,
inorganic solvents and expensive reagents such as antibodies.?®” This can reduce the levels of
remaining toxic chemicals and lead to cost savings. This advantage is extremely relevant for
biomedical applications where cytotoxicity and specificity of the NPs are important.

However, there are still some challenges to be overcome for using microfluidic systems for
NP synthesis.?*® Firstly, the substrate for the microfluidic device is usually composed of poly-
dimethly-siloxane (PDMS) that may be not compatible with the temperature and solvent used in
NP synthesis. Other substrates such as glass may be considered. Also, although microfluidic
systems can potentially be parallelized and perform continuous NP synthesis, their throughput is
still limited compared to batch reactors. Therefore, microfluidic platforms may find greater utility

for synthesizing specialized NPs such as those for clinical use where there are stricter

requirements.
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6.2.2 Magnetotactic bacteria for magnetosomes and magnetic nanoparticles

Magnetotactic bacteria (MTB) was first scientifically described in a widely circulating journal in
1975 by Blakemore?®®® and since then, there has been increasing number of publications on this
class of bacteria that can sense the Earth’s magnetic fields for magnetoaerotaxis. Making use of a
unique biomineralization process, MTB are able to assemble and precipitate linear chains of
magnetite (Fe(ll)Fe(111)204) NPs with different shapes (spherical, bullet etc) and sizes (35-120

nm) bound in magnetosomes?!’

. Magnetosomes are lipid bilayer-bound organelles that potentially
can be used directly to modulate neuronal activities. The diverse chemical groups on the lipid
membranes facilitate surface chemistry to increase biocompatibility and specificity.?®°

On the other hand, MNPs can also be released from magnetosomes with mechanical
perturbations such as via a French press machine, or treatment with acid or detergent,?’® with steps
all possibly performed on a microfluidic chip.?** MNPs produced by MTB are also reportedly
superior than chemically synthesized MNPs as the former have homogeneous sizes and
crystallography, possess high thermal stability, have low aggregation and can be easily
functionalized using conventional surface chemistry techniques or through genetically-encoded
protein fusions in magnetosome-associated protiens.?!*

To tap into the research and commercial potential of biologically synthesized MNPs, the
Schiiler group manipulated the genetic material of MTB to produce GFP-tagged®’* and antibody
functionalized MNPs?'4. However, MTB grow at a slow rate (doubling time of ~4-6 hr?'° compared
to 20 min for Escherichia coli?®) and in fastidious conditions®'® as compared to other micro-
organisms commonly used in industry. Kolinko et al. attempted to address the growth limitation

by transferring 30 key genes from Magnetospirillum (M.) gryphiswaldense to Rhodospirillum

rubrum and first demonstrated the possibility of endogenous magnetization in non-magnetic
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organisms using synthetic biology.?'® A similar feat was also demonstrated by Zurkiya et al. who
cloned magA into human cell line to endogenously produce MNPs for MR1.22 Nonetheless, this
method has low efficiency as large gene clusters have to be transferred, inserted at appropriate
sites and expressed. Furthermore, the cycle of transfection and selection is laborious and has low
throughput.?”® Most importantly, the efficiency of this technique relies heavily on our current
knowledge on the biomineralization process?’® that remains sparse due to its genetic complexity.?8

The main drawback of using MTB-produced MNPs is the low production rate. Although
various bioreactor designs and media conditions have been created to optimize their growth, the
production rate of these biologically produced MNPs is still much lower than chemical
synthesis.?!? This has motivated some groups to make use of MTB-inspired method for chemical
synthesis of NPs.?’* Gao and co-workers utilized hydrogels as nano-reactors, similar to
magnetosome vesicles, for in situ fabrication of MNPs.2”® The negatively-charged hydrogel
networks facilitate uniform distribution and adsorption of cationic iron ions, followed by

subsequent co-precipitation of iron oxide nanoparticles. Further improvements in this technique

can boost the production rate while maintaining high quality in MNPs.

6.2.3 Magnetic nanoparticles for crossing the blood brain barrier

In many of the existing magnetic stimulation techniques, MNPs used for in vivo work are
introduced via cranial windows in mice models or injected directly into the brains of other model
organisms. However, for remote control of neuronal circuits to work in in vivo and clinical settings,
the MNPs should be introduced into the blood stream. The MNPs would then have to cross the
blood brain barrier (BBB). The BBB is a passive largely impermeable cellular barrier that is

composed of endothelial cells, pericytes and astrocytes that separates the blood from brain
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interstitial fluid. The size<" and surface charge*’’ of NPs have been shown to affect their passage

through the BBB. Unfortunately, even after optimization, the transport efficacy is still low?’

as
the nanoparticles must first be internalized by the endothelial cells followed by intracellular
transport and export for uptake by neighboring neural cells.

This has motivated research in the area of receptor-mediated nanoparticle transport where
nanoparticles are functionalized with specific peptides to cross the BBB. For instance, Qiao and
co-workers coated iron oxide MNPs with poly-ethylene-glycol that was claimed to increase
endothelial permeability.?”® The nanoparticles were then coupled with transferrin antibodies that
facilitated transcytosis through the BBB. Wiley and colleagues investigated the tradeoff between
size (surface area) of the nanoparticles and the number of transferrin molecules on the
nanoparticles for sufficient interactions with the transferrin receptors.?®° This research introduced
a rational design strategy to optimize nanoparticle composition for transport through BBB.
Recently, Clark and Davis also created an acid-cleavage linkage between transferrin and
nanoparticles for increased transport of nanoparticles in the brain tissues (parenchyma).?®! In this
case, the MNPs would be internalized, transported and exported out of the endothelial cells while
the transferrin antibodies remained bound to the receptors. Once inside the endothelium, the
transport of the nanoparticle was no longer restricted by the presence of the transferrin peptides
that might interfere with transport due to non-specific interactions, size and surface charge.
Innovation is definitely warranted in the creation of multi-functional magnetic nanoparticles
coated with biocompatible polymers, ferritin and other ion channel specific antibodies to
simultaneously reduce cytotoxicity, increase brain uptake and specificity for interfacing with the

brain.
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Capitalizing on the magnetic properties of MNPs, a few groups have also demonstrated the
possibility of guiding MNPs through the BBB with magnets.?%? Kong and co-workers made use of
magnets from companies namely Dexter Magnetic Technologies and K&J Magnetics, Inc. to
influence the spatial distribution of MNPs in the brain tissues.?%

Another way to overcome the issue of BB is to produce iron-based MNPs intracellularly.
The possibility of this strategy was first demonstrated by Stanley et al.}’® who genetically
engineered cells to express superparamagnetic ferritin fusion proteins that localized near the cell
membrane. Upon stimulation proinsulin release could be induced. Recently, the same group made

use of this strategy to manipulate glucose sensing neurons respond to induce/inhibit feeding

behaviors in mouse.1"2

6.2.4 Minimizing cytotoxicity from magnetic nanoparticles

While MNPs may induce cytotoxicity, various strategies may be employed to minimize or
overcome this problem: (1) MNPs may be coated with biocompatible polymers such as PEG,?
chitosan and starch that have been shown to minimize cytotoxicity or even confer neuro-
protection.®® It will be challenging but extremely useful to create multi-functional MNPs that
minimize cytotoxicity, facilitate targeting to specific cells and enable crossing of the blood brain
barrier;?®* (2) The size of the MNPs is also known to influence cytotoxicity, with smaller MNPs
being more cytotoxic.?® This may be a concern for thermal-based neural stimulation techniques
which typically exploit the superparamagnetic properties of MNPs in the 10-50 nm range to
generate heat.2 However, magnetic-based techniques normally utilize MNPs in the 100-250 nm
range which is known to be less cytotoxic than their smaller counterparts.®® It is also well-

documented that the size of MNPs affects their renal clearance, supporting that it is a good
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parameter to optimize to minimize cytotoxicity;?® (3) Many other properties of the MNPs (zeta
potential, compositional purity etc) and cell types (presence of specific surface antigens etc) are
also known to influence MNP-cell interactions, and thus cytotoxicity. Recently, Tay et al. found
that older neurons have poorer metabolism for exocytosis and intracellular trafficking of MNPs,
resulting in higher net localization of MNPs with lysosomes.* This led to increased intracellular
free iron ion concentration and cytotoxicity, highlighting the age-dependence of nano-therapeutics.
MNP-associated cytotoxicity is a highly interesting and biologically relevant field of study to
advance the use of MNPs beyond laboratories. However, due to the focus of this review, we can
only briefly mention some of these strategies and we encourage readers to refer to more extensive

reviews on this topic: 28728

6.3 Energy delivering devices
Finally, it is important to consider the technology to deliver alternating or static magnetic fields to
activate MNPs for remote modulation of neuronal activities. The approved human exposure limit
to static magnetic fields by the US Food and Drug Administration is 4 T for the entire body which
allows for a sufficient magnetic field gradient to be established for clinical applications.?® This is
crucial to overcome the weak interaction between magnetic fields and biological molecules.®
There are a few possible configurations to generate strong, localized magnetic field
gradients for deep tissue penetration. Beside the use of electromagnet coil, a Halbach array
consisting of a matrix of permanent magnets can be employed to augment the localized magnetic
force.?®! Current advancement in device designs often deals with modelling the penetration and
interaction of magnetic fields due to various magnet arrangement or coil designs through the brain.

A useful resource would be to look at the devices that magnetic resonance brain imaging and
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transcranial magnetic stimulation are using. Bonmassar and colleagues created a micro-magnetic
stimulation coils to generate specific neural responses based on the magnitude and orientation of
the coils.?®? Recently, Oxley and co-workers fabricated a passive stent recording array within a
vein to stimulate and monitor brain activity using electric fields. A similar concept using their
fabrication techniques but to generate high magnetic gradient locally can be applied for MNP-
based neural stimulation.?®® Fig. 1 shows the summary of the challenges of progress of MNP-based

neural stimulation techniques.

Nanotechnology
(Challenges A
-MNPs with uniform
propeties

-Low cytotoxicity
Reporters of stimulation|-High specificity

(Challenges ) |-Pass blood brain barrier
o Patch clamps
D> Devices -Expensive Progress

-No in vivo study -Magnetotactic bacteria
-Low Throughput =
-Steep learning curve

Progress
Genetic indicators

1action _ M O To—
03 potential — %aBIJIPS M'CroﬂluldICS aided
— synthesis
Water

|

Ky Nanopartcles aul
PLGAPEG I

in acetonitre 1
Water Nanopre<ipitaton

.(
M ypnimaidonss

-Voltage eg. QuasAR

-Blood brain barrier
251 — QuasAr2 Ao

3 Arch
3 | — Quasan =g
20
8 . 4
8
7]
o 9-
: - .
€. cecraw g
. B
2100 50 0 50 ﬂ
< _

Voltage (mV)
. J \_

Fig. 1 Challenges and progresses for MNP-based neural stimulation techniques. Innovations can be made in 3 main
areas i.e. device designs to provide localized stimulation, validation tools with genetically encoded calcium and
voltage indicators to increase measurement throughput and nanotechnology for well-controlled synthesis of MNPs
with uniform properties, low cytotoxicity and high localization specificity in the brain. Reproduced with permission
from [293, 193, 260, 218, 265, 281] in order (left to right, top to bottom).
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6.4 Conclusions

Magnetic platforms for remote modulation of neuronal circuits can enable study of brain
development and diseases that further our understanding of the complexity of the brain. MNPs can
be combined with different energy sources to stimulate neurons with high spatiotemporal
resolution and usually with controllable dosage. To further develop the described platforms, it is
paramount to correlate stimulation with electrophysiological states of the neurons with patch
clamp or genetically encoded voltage or calcium sensors. Furthermore, the synthesis of MNPs can
also be improved using microfluidics and genetically modified MTB to produce multi-functional
MNPs with narrower size distribution, uniform thermal and magnetic properties, low cytotoxicity,
high specificity and ease of traversing the blood brain barrier. Although these challenges are not
easy to overcome, great progress has been made in areas like antibody functionalization to
facilitate specific cell targeting and passing of blood brain barrier, and controlling the size/zeta
potential/coating of MNPs to minimize cytotoxicity. These successes demonstrate the feasibility
of in vivo neural stimulation mediated by MNPs. With rising investments in brain-related
initiatives worldwide, the field of wireless magnetic control of neuronal activities is expected to

attract more attention as we gain greater knowledge in genetics, nanotechnology and neuroscience.

115



Appendix A

Supporting information for Chapter 2

Table 1 Starch/chitosan coated NPs for brain research

Reduce damage to membrane integrity, secondary oxidative stress and | g4
Chitosan- lipid peroxidation in neurons following acrolein-induced cell injury
coated Delivery of estradiol for brain stimulation

siRNA delivery for neurodegenerative diseases

Starch-coated | Contrast agent for magnetic resonance imaging with low cytotoxicity

295
296
297

Chitosan- and starch-coated iron oxide magnetic nanoparticles (MNPs) were chosen for a variety
of reasons. Firstly, they are commercially available at different sizes, fluorescently labeled and can
form stable, monodispersed suspensions even in cell media. Secondly, the properties of the
nanoparticles used here have been well characterized by other authors (chitosan®*2%-300
starch®354%1) for drug delivery and phagocytosis. Lastly, chitosan and starch coated nanoparticles

have been suitably employed in brain-related biomedical interventions as shown in Table 1.
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Table 2 Characterization of MNPs

Starch- PBS 166 + 10 0.187 73.0+ 11
coated Media 150 + 2 0.232 -33.0+9
100 nm Conditioned media 209 + 9 0.203 -309 + 2
Chitosan- PBS 468 + 16 0.186 -35.5+ 20
coated Media 442 + 14 0.138 -32.3+5
100 nm Conditioned media 588 + 31 0.213 -21.0+7

Zeta potential measurements were made at pH 7.01 and at least 5 readings to calculate the average values

Interestingly, although chitosan-coated MNP had a larger hydraulic diameter than its starch-coated
counterpart, the cortical neural network had larger uptake of the former as confirmed with flow
cytometry (Fig. 2a) and microscope imaging. This could be attributed to the zeta potential of the
chitosan-coated MNP being less negative and had more favorable interactions with negatively
charged cell membrane.*® In light of this observation, we propose the importance of measuring
the properties of the NPs in conditioned media as the cells might secrete proteins into the media
that influence the protein corona®®’ (as evident in the difference in hydraulic diameter and zeta

potential as shown in Table 2), and ultimately, endocytosis.
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Table 3 Properties of different mechano-sensitive ion channels

TRPV1 TRPV4 TRPA TRPC TRPM PIEZO2 KCNK N-type
calcium
channel

Role in Nociception Osmo/pain- Nociception Sensation Nociception Hearing, Neurite Dendritic
neurons sensing touch, pain elongation branching
Related Pain, Seizures, Pain Late onset Pain Marden- Epilepsy Fragile X
neurological neuropathy neuropathy Alzheimer’s neuropathy Walker syndrome
diseases syndrome
lon selectivity | No No No No No No K* Ca**
Location in DRG DRG DRG Purkinje cells DRG DRG All neurons Synaptic
brain or type | (thalamus) (thalamus) terminals and
of neurons cell bodies
Density in Low High Low High Low Low High High
brain
Location out | Bladder, lungs, | Bladder, Hair cells Intestines, Eye, kidney, Kidney, Retina, spinal | N.A.
of brain skin lungs, skin, heart, retina bladder, cord
Inhibitors Ruthenium red, | GSK219837, | Ruthenium 2-APB, Sphingosine, Phosphoinosisi | Serotonin, low | ®-conotoxin
GSK RN1747, red, AP18, SKF96365, FTY720 tides, GsMTx4 | pH, halothane
compounds HC067047 HC030031 hyperforin
Heat Yes Yes Disputed Unknown Yes No Yes No
sensitivity
Light No No No Yes Yes No No No
sensitivity
Acid Yes Yes Yes No No No Yes No
sensitivity
Voltage No No No Yes No Yes Yes Yes
sensitivity
Mechanical Unknown Yes Unknown Unknown Unknown Yes Yes Yes
sensitivity
Activation by | A A A AB A B B C
(A) tether or
(B) lipid
bilayer or (C)
unknown
References 302, 303, 166 303, 304 303, 304 303, 304’ 305 303, 304’ 306, 307 308’ 309, 310 311’ 312 207
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Fig. 1 A live-dead assay for measuring cell viability of 2-week-old cortical neural networks as a function of time.
Chitosan- and starch-coated fMNPs had minimal cytotoxic effects on cell viability up to 24 hr. Reproduced with
permission from the American Chemical Society.
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Fig. 2 Population study of 120 neurons from 3 trials. A larger % of the neuron population stimulated with nano-
magnetic forces showed greater % AF/Fo compared to unstimulated neurons. Reproduced with permission from the

American Chemical Society.
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Fig 3 Calculations for magnetic forces. (a) Schematic for the size and orientation of magnetic elements. (b)
Logarithmic fit showing in (i) the experimentally obtained values, (ii) logarithmic fitted values for individual color-
coded dataset shown in (i) to show minimal standard deviation and (iii) logarithmic fit for consolidated dataset
(Note: y axis is logarithmic scale). As there is significant decay of magnetic field, we only considered magnetic
forces on cell bodies of neuron within 20 um away from the magnetic elements. Fig. 3b is reproduced with
permission from American Chemical Society. Reproduced with permission from the American Chemical Society.

Example to calculate magnetic force

As the MNPs-induced forces are calculated based on measurements with 1 pm micro-particles

(MMPs), we can use equation 1 for scaling the force conversion.

Msat MNP-PMNP-Y0COTEMNP.TMNP® .
M . Y%core T 3 Equatlon 1
sat, MMP-PMMP-%0 MMP-TMMP

Fyunp = Fymp *

Commercial % iron in core | Density Msat
name
NMP screenMAG 63 1.25g/cm® | 41.5mT
MMP nano-screenMAG | 45.5 2.25g/cm® | 3.8mT

In supplementary information (Fig. S4) of ref [54] (reproduced as Fig. 3b in this document),
Kunze et al. showed that equation 2 provided the best fit for magnetic force calculation between
experimental and fitted values where A, is the vertical axis intercept i.e. at 0 um away from the

magnetic elements (dimensionless) with the logF axis and C the force gradient over um.
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F _
PN

C .
log Ay + s Equation 2

The table below shows the value for f and C with the highest R-squared value for a logarithmic

fit.
Size (rotation) of magnetic elements | Ao C/pm R-squared value for
regression fit

12 um x 16 um (0°) 0.44 -0.0260 | 0.6561

8 um x 16 um (0°) 0.35 -0.0509 | 0.6561

4 um x 16 um (0°) 0.15 -0.0322 | 0.7056

4 um x 8 um (0°) -0.10 -0.0076 | 0.6400

12 um x 16 um (90°) 0.70 -0.0394 | 0.5329

8 um x 16 um (90°) Pattern was not magnetized as was not characterized.
No force calculation was made based on this element.

4 um x 16 um (90°) 0.28 -0.0388 | 0.6241

4 um x 8 um (90°) 0.40 -0.0308 | 0.6084

Now, we consider the force acting on the cell body of a neuron 10 um away from the magnetic

element 12 um x 16 pum (0°) due to a single 1 pm MMP.

From equation 2, we can calculate F(x) where x is 10 um, this gives us:

log F(x)/pN = 0.44 + (—0.0260/pm)(10)
F(x = 10 pm) = 109447026

F(x =10 um) = 1.514 pN

Next, consider that the MNP cluster on the cell body of the neuron to be 1.6 um .We can then

make use of equation 1 to know the magnetic force due to the MNPs.
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3
Msat MNP-PMNP-Y0COTEMNP-TMNP

F = F *
MNP MMP
Msqr Mmp-PMmp-YocOTeppp. T MMPS

41.5%1.25%0.63* (1.6)3

= 1.514 «
3.8+2.25%0.455% (1.0)3

= 1.514 +x34.4

=52 pN

Lastly, we can add up the magnetic forces due to each MNP cluster on a cell body of a neuron

and create the graph shown in Fig. 5c.

Note that with this method, we did not consider that magnetic forces acting on the neurites as the
neurites are extensively branched and it was not possible to identify individual neurite.
Additionally, the cell body with a larger volume could accommodate more calcium entry and
typically, calcium ions from the cell body are transported to the neurites. Therefore, summing the
magnetic forces only of the cell bodies and relating them to the respective change in fluorescent
calcium signals is a reasonable way to understand the relationship between forces and degree of

calcium influx.
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Fig. 1 Average force calculation for chronic magnetic stimulation. (a) Neuron-MNP association over time was
determined by flow cytometry. (b) The plot of peak AF/Fo against forces for different color-coded trials. (c) Average
force for each color-coded trial in (b) was calculated and the average of the averages was ~200 pN. This force was
calculated based on neurons incubated with MNPs for 6 hr. (d) Schematic for different configurations of chronic
magnetic stimulation. (i) Neurons were incubated for 6 hr with MNPs once and then stimulated for the next 4 days
with an average force of 200 pN. (ii) Neurons were incubated for 6 hr daily before stimulation with a magnet for 4
days. At day 5, the average force was 200 pN when 34.8% of the neurons interacted with MNPs. At day 8, when
75.5% of the neurons interacted with the MNPs, the average force on the network was 75.5/34.8 * 200 = 434 pN.
(e) Chronic stimulation of the neurons with constant magnetic force did not lead to significant change in ion channel
expression, possibly because the force amplitude was too low. We hence introduced a new configuration i.e. chronic
magnetic stimulation with increasing force (dii) which we used in Fig. 1-2. We also found that when we stimulated
the neurons with 600 to >1000 pN of force daily (with a stronger magnet and/or increased MNP dosage), cell
viability decreased significantly due to induced cytotoxicity'®® or there was cell displacement in the former.
Reproduced with permission from the American Chemical Society.
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Fig. 2 Model for magnetic stimulation. (a) Cortical neurons express a low number of TRPV4 ion channels. (b)
Chronic stimulation did not affect the expression of TRPV4 ion channels at day 12. (c) The only 2 types of
mechano-sensitive ion channels that have been reported for use in magnetic neural stimulation are N-type calcium
channels® and TRPV4.313 Currently, the peptide domains responsible for sensing mechanical stimuli are unclear.
In addition, the threshold and mechanism for activating different mechano-sensitive ion channels are not known.
These ion channels may respond to mechanical stress in or out of plane which may be investigated by using the
micro-fabricated substrate described in [314]. These investigations can then allow us to understand the differences
amongst mechano-sensitive ion channels and offer room for ion channel specific mechano-activation. Reproduced
with permission from the American Chemical Society.
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Fig. 1 Plot of cell survival for increasing concentration of 5-bromouracil (5-BU). At higher concentration of 5-BU,
many mutants were non-viable, resulting in a low survival rate and CFU count. Taking into account the slow growth
rate of the AMB-1, we decided to make use of 10 ug/mL of 5-BU that yielded ~80% survival rate. For the mutation-
selection cycle, we cultured the AMB-1 in media supplemented with 10 pg/mL of 5°-BU for 8 days to provide the
selection pressure to select for mutants that are also faster growing as slower growing mutants may not be as useful
in long term cultivation. Of these mutants we then selected more magnetic mutants (through magnetic ratcheting-

based selection).
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Fig. 2 Random mutagenesis with 5-bromouracil broadened the population of AMB-1 mutants producing different
quantities of MNPs/bacterium. (A) Growing AMB-1 with 10 pg/mL 5-bromouracil for 8 days generated mutants
with a broader distribution of MNPs/bacterium while that of the population grown for additional 60 days without
any mutagenic treatment did not show a significant difference in MNPs/bacterium. (B) The size distribution of
MNPs was not affected significantly by mutagenesis. (Ci) As the 3D shape of MNPs produced by AMB-1 has
cubo-octahedral character - in 2D projections (square and octagon), the circularity is estimated to be between 0.785
and 0.948. (Cii) The circularity within this range for the MNPs was not affected significantly by mutagenesis. (D)
Optimization table summarizing the effects of mutagenesis on MNP production (number, size and shape) to identify
a suitable duration for treatment with 5-bromouracil for sufficient mutation to occur.
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Design of magnetic ratcheting platform

Table 1 Definitions and values of parameters

Parameter | Definition (Value) Unit
v, Magnetic volume of particle m3
Axyp Difference in magnetic susceptibility (0.0072 ) (dimensionless)
between particle (x,) and medium (x,)
U Magnetic permeability of free space (41 * 1077) kgms2A~
B Applied magnetic field T

Faen Magnetic force density of a local | kg?’A%s™“m™
magnetic field
=(B.V)B
x Particle location in horizontal (x) axis m
P Pillar pitch m
Wext Ratcheting frequency st
t Time S
v Velocity ~10°ms?
L Length ~10°m
v Dynamic viscosity of water (25 °C) (8.90*10) kgms?
) Effective radius of bacterium (2*10%) m
Uy, Averaged particle speed ms?

The movement of a superparamagnetic particle such as the MNPs produced by AMB-1
magnetotactic bacteria in an aqueous medium is governed by the magnetic force equation as shown
in Equation 1.3%° Here, we derive a formulation to describe how objects with different magnetic

content will equilibrate in regions of different pitch between permalloy micro-pillars as a function

of a critical ratcheting frequency.

I mag

% (g.V)B
0

u
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In our magnetic ratcheting setup (Fig. 1A), the particles are ratcheted from left to right (in the
positive x direction) due to the horizontal force i.e. E,. The particle location is thus modeled as a

travelling wave as shown in Equation 2 where F,;,,, = (B.V)B.

VA 2 .
E, = pu:(p Fyon * sm(Fx — 2Weyxtt) Equation 2

The magnetic force (F,,g4) is balanced by the fluid drag which can be approximated using Stokes
drag equation because of the low Reynolds number associated with the motion. The equation for
Stokes drag equation is solved by ignoring the inertial terms in the Navier-Stokes equation in the

case where Reynolds number is <<1. Reynolds number is expressed in Equation 3.

inertial forces vL .
Re = ! = — Equation 3

viscous forces 1%

The Re of a particle moving under the influence of our magnetic ratcheting platform in a fluid is
<<l as v is in the range of ~10®m s and L, the dimension of the bacterium is in the range of ~10°
® m while v of water at 25 °C is ~8.90*10* m?sL. We note that the bacterium is cylindrical in shape
and not spherical but the Stokes’ drag around a non-spherical object can be modeled with a shape
factor determined experimentally by Johnson et al.3!® For the case of the cylindrically-shaped
bacterium, the shape factor is 0.75 found by substituting values into the equations outlined in ref

[257].

Thus Equation 4 can be used to model the Stokes drag particles experience.
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Farag = 6TV, Uy, Equation 4
By balancing Equation 2 and 4, the particle speed (i1,,) can be solved as shown in Equation 5.

_ VyAx 1 2x

p2Ap : :
u, = F * * SIn 2w t Equation 5
P Uo den 61tvrp (P ext ) q

Next, a substitution where 2 = = — w,,t is performed where (2 represents the phase lag of the
P

particle motion within the traveling wave of the magnetic ratcheting field. The partial derivative

of 2 is shown in Equation 6 by knowing that during magnetic ratcheting, w,,; is kept constant

and using the substitution % = Uy,

0 _ odx1 OWext

- *t w
at ot P at ext
u
— _p
—p Wext
= Weritical * sin(Z.Q) — Wext Equation 6

The writicq; €N thus be numerically represented in Equation 7. This equation describes the linear
transport of particles When wey: < Wcriticar- HOWeVer, When wey: > weriticar, the particle speed
decays with increasing w,,; until it fails to traverse the array of magnetic permalloys and are

trapped at the pillar edge.
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o VpAxpFden
Weritical =

Ugb6mVTy P

Equation 7

To determine w riticar, We first tracked the ratcheting trajectories of 1 um magnetic micro-particles
across horizontal pitches with 10 um increments and calculated F,,4based on the Equation 4
force equilibrium with Stokes drag force (Appendix C Fig. 3). 1 um particles (17% iron oxide

content) were used as (1) smaller particles were too small for accurate tracking in real-time and

(2) , the values of the magnetic volume (v,,) of the 1 um particles and MNPs produced by AMB-1

are close (Table 2).

Table 2 Calculation for magnetic volume

1 um particle (17% iron oxide) | AMB-1
4 Model the MNPs chain as a rigid rod®’
— 3 -18
Up = 3”(0'5 )* 107 % 0.17 As seen from Fig. 1D, the average radius and length of
AMB-1 is ~ 0.5 pm and 3 um respectively.

= 0.089 um®
Up,bacterium = 77(0-52) * 10712 3% 107°
= 2.36 um®

The % vol of magnetite MNPs in AMB-1 can be calculated
below by knowing that the average radius of MNPs is 25 nm
modelled after spheres and we are only keen to isolate
AMB-1 mutants with > 20 MNPs/bacterium.

%*n*(25)3*10_27*20
%(0.5)2%107 12431076

= 0.056

% volynps =

Hence

vp‘MNpS = 2.36 % 0056
= 0.13 um3
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Fig. 3 Plot of £, against P. A power law best fit with R? = 0.85 gives the relationship Fmag= L3 where
P
a =550%10% N m=2.

Frnag = [jiz Equation 8

Equating the magnitude on Equation 2 and 8, we can obtain an expression for F,,,.

augy

Fion = oy, Equation 9

Substituting Equation 9 into Equation 7, we can derive an expression for w ,iticq; and use it to
approximate and narrow the range of ratcheting frequency w.,; we should use during the selection

phase of directed evolution.

a

Weritical = 6mvr, P Equation 10
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Fig. 4 Plot of critical frequency against horizontal pitch for 1 um magnetic micro-particle with 17% iron oxide
content. Particles are transported horizontally across the array when we,; < ®criricar- In @ population of AMB-1
mutants, some bacteria have larger than average number of MNPs/ bacterium. Let us imagine a situation where the
average number of MNPs/ bacterium equates to one 1 um particle. Hence, at P = 20 pum, the critical frequency is 2
Hz and if we set the external ratcheting frequency to be 5 Hz, only bacteria with greater magnetic content than one
1 um particle will be transported and trapped at their respective pitch where the magnetic force balanced with
Stokes drag force does not yield sufficient velocity to traverse to the next element in the array over the cycle time.

Table 3 Ratcheting parameters for each selection cycle

Ratcheting cycle Ratcheting frequency and duration
1% 5 Hz for 30 min
2nd 5 Hz for 30 min
31 5 Hz for 25 min
4t 5 Hz for 25 min
5th 5 Hz for 20 min
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Fig. 5 Schematic and real-life image of magnetic ratcheting platform. (a) Schematic and (b-d) real-life image of
platform. The joystick allows control of the ratcheting arm. (e) A continuous cycling magnetic field is generated to
create energy potential wells to trap superparamagnetic particles or AMB-1 and to negate the effects of flagellar
motion.
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Fig. 6 Relative optical densities of original and mutated AMB-1 and average number of MNPs/over-producers after
60 days of culture. (A) After the 5™ cycle of mutation-selection, the collected AMB-1 over-producers showed about
30% slower growth, due to the non-targeted effects of random chemical mutagenesis. Hence we hypothesize that
by combining targeted genetic manipulations with our magnetic ratcheting system, we should be able to generate
over-producers that are desirable both in terms of metabolic rates and number of MNPs/ bacterium. (B) The AMB-
1 over-producers maintained the high magnetosome producing phenotypes after 60 days of culture, showing that
the effects of the selection pressure were maintained over tens of cell division cycles.
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Appendix D

Supporting information for Chapter 5

Table 1 Comparisons of different methods to quantify magnetic contents of MTB

with bioreactor

C-mag?* Color Electron Optical Magnetic Magnetic
inspection?? | microscope®?® | magnetic ratcheting®?® | microfluidic®®
imaging®*°
Time needed Fast (~5 min) | Slow (~2 Slow (~2-3 hr) | Fast (~s) Fast (~1 hr) Fast (mins)
weeks)
Subjective Yes, doesnot | Yes Yes No No No
work for
polymorphic
MTB
Automated No No No Yes No Can be
Quantitative No No Semi Yes Yes Yes
Potential to re-culture Yes Yes No Yes Yes Yes
after measurement
Potential for single cell No Yes No No Yes Yes
selection
Potential for continuous | N.A. N.A. N.A. N.A. No Yes
flow
Potential for integration | N.A. N.A. N.A. N.A. No Yes

There are also a few other techniques described in literature. They are very recent developments and usually make use of imaging

platforms. The techniques are correlative fluorescence and fluid cell scanning transmission electron microscopy®?! and confocal Raman

micro-spectrometry.32?
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Table 2 Magnetic volume (1,) calculations

1 pm particle (17% iron oxide)

AMB-1

V.

4
y = §n(0.53) x* 10718 % 0.17

= 0.089 um?®

Model the MNPs chain as a rigid rod®’
The average radius and length of AMB-1 is ~ 0.5 um and 3
KUm respectively.

Up bacterium = 7T(0-52) 10712 % 3% 107°
= 2.36 um®

The % vol of magnetite MNPs in AMB-1 can be calculated
below by knowing that the average radius of MNPs is 25 nm
modelled after spheres and we are only keen to isolate
AMB-1 mutants with > 20 magnetosomess/bacterium.

%*n*(25)3*10_27*20
%(0.5)2%1071243%x1076

= 0.056

% volynps =

Hence

Up,magnetosomes — 2.36 * 0.056
= 0.13 pm?

From the calculations, we can see that the magnetic volumes of a 1 pum bead and an AMB-1

bacterium with 20 magnetosomes are comparable. Therefore, we can make use of 1 um magnetic

bead to characterize the possible behaviors of AMB-1 in the microchannel.
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Table 3 Calculation of treatment time

Volume of MTB suspension in syringe
=1.0mL

Volume of tubing

=0.1mL

Volume of microchannel

= length x width x height
=2x10%x232x10%x 500 x 10°®
=0.00023 mL

Flow rate

=25 uL/min

=0.025 mL/min

Maximum time for MTB treatment
= (1.0+0.1+0.00023)/0.025

=44 min

The main volume that affects the length of time for MTB treatment at 10 °C at pH 8.5 is the volume
in the syringe. For sensitive MTB strains, the processed volume can be reduced or can be processed
in batches accordingly. It is useful to note that as the combined flow rate is still slow i.e. at 25
uL/min, using a syringe with smaller diameter would help to make the flow more stable which is

affected by how fast the screw moves in a syringe pump.

Table 4 Comparisons between AMB-1 and MSR-1

Property AMB-1 MSR-1
Shape Spirillum Spirillum
Size (Length x Width)/ um | 3 x 0.4-0.6 1-20x 0.7

(Polymorphic)

MNP shape Cubo-octahedral Cubo-octahedral
MNP size/ nm 35-50 35-50
#MNPs/cell ~11 ~23

Isolation condition

373 mT

Media inlet: 15 pL/min
MTB inlet: 10 uL/min

Media inlet: 15 pL/min
MTB inlet: 10 uL/min
150 mT




Table 5 Evaluating the change in Stoke’s drag and magnetic forces as a function of cell size

Ordinary MSR-1

Average radius and length of
MSR-1 is ~ 0.5 um and 3 pm
respectively.

MSR-1 with twice the
size (and assumed with
twice the number of
magnetosomes)

Average radius and length of
MSR-1 is ~ 0.5 pm and 6 pm
respectively.

Results

Using equation 2

Farag = 6TV, Uy,

Farag = 12mvn,u,

100% increase in
Stokes’ drag

Using equations in
Table S3

Up,magnetosomes

= 0.13 um3

Up,magnetosomes

= 0.13 ym3

Same magnetic
volume  because
when MSR-1

divides, only the
length but not the
radius doubles

Therefore, longer MSR-1 (stationary phase) experience greater Stokes’ drag and are expected to

exit through the waste outlet while shorter MSR-1 (log phase) are expected to exit through the

selection outlet.

Experimental data

Magnetic field strength at 0.9 cm (~distance from magnet

y = 270(0.9) %78

to microchannel) from magnet surface =373 mT
Theoretical estimate
Br.max (manufacturer) 14800 Gauss

Dimensions (manufacturer)

0.01x0.01x0.01 m*

Calculated dipole moment for 1 magnet (224 0.013)/(4m * 1077)
10
=1.178 Am?
Calculated dipole moment for 2 magnets 1.178 * 2
= 2.34 Am?

Using the conversion: 10 mA.m? =1 nT.m*

Distance from magnet to microchannel) from magnet
surface to get 373 mT

((% 103  1076)/373)

=0.73¢cm
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Fig. 1 Magnetic field decay measured with a Hall magnetometer and theoretical estimate with manufacturer’s
information. (a) Measurement set-up. (b) Experimentally determined decay of magnetic field at different distances

away from the Hall magnetometer.
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Fig. 2 Optical densities and number of magnetosome per cell of different AMB-1 mutants cultured for 3 days in
normal media (~12-18 cell cycles) after treatment with 10 °C media at pH 8.5 for 1 hr. Treatment did not
significantly affect the (a) optical densities compared to own control group and (b) number of magnetosomes per
cell of different groups of AMB-1. A: AMB-1 mutants with mutants with 0 + 0.5 magnetosomes/bacterium. B:
AMB-1 mutants with mutants with 11.2 + 3.7 magnetosomes/bacterium. C: AMB-1 mutants with mutants with

25.0 + 3.5 number of magnetosomes/bacterium.
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Fig. 3 TEM images of MSR-1. (a) MSR-1 wild type with flagella.' MSR-1 also has ~twice the number of
magnetosomes than AMB-1 (b) MSR-1 AflaA without flagellum
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