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Motivations

o Voltage imaging tfechniques allow us to probe
neuronal networks for insights in:

o Fundamental neurobiology

Neuronal computation mechanisms
Memory, learning, higher cognitive function
Disease mechanisms

o

o

o

o

Precision medicine
ldentifying/testing drug candidates

o
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Motivations

o Spatiotemporal resolution and scale are both important.

VARNAM

o CMOS-based multi-electrode arrays (MEAs) and voltage-
sensitive fluorescent indicators (VSls) represent the state-of-
the-art in voltage imaging.

Kannan, M. et al., Nature Methods 15:12 (2018)

3Brain Inc.
Abbott, J. et al. Nature Biomedical Engineering 4:2, (2020)



Motivations

o CMOS MEAs have reached a
resolution bottleneck (~15um since
~2010) insufficient to completely
resolve network dynamics.

(0]

Number of simultaneous readout

channels limited on MEAs (~4,000
typical).

Muller, J. et al., Lab on a Chip 15 (2015)
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Motivations

o [rreversible photochemical

processes (bleaching) limit VSI 40
recordings to a few minutes at X
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Diamond voltage imaging microscopy

DVIM Chip

Voltage 'video'

400
I o A diamond voltage imaging microscope
ﬁ NS His (DVIM) is our new electrophysiological
¢ . » N .
\. S recording platform (we hope).
i B o Combines spatial resolution of VSIs with long-
. term stability and wide field-of-view of MEA:s.
2 &l-m o -
o Operation based on fluorescent p-n junction
coupled to the diamond surface potential.

Camera

o Wide bandgap of diamond allows for optical
transparency and thermal charge-stability of
deep-level defects.

nature .
photonics

ARTICLES

https://doi.org/10.1038/541566-022-01064-1

A diamond voltage imaging microscope

D. J. McCloskey ®"*< N. Dontschuk®'4, A. Stacey"? C. Pattinson®, A. Nadarajah', L. T. Hall ®",
L. C. L. Hollenberg'3, S. Prawer' and D. A. Simpson®'X



Conduction band
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McCloskey, D. J. et al., Nature Photonics 16 (2022)
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Operatfing
Principles

o H-termination creates narrow

p-type region via surface
transfer doping effect.

o Fermi level crosses the VBM

creating a 2D hole gas at the
surface.

o Charge-state dependent
fluorescence of NVs allows for
optical sampling of
screening/image charge
redistribution within the 2D hole
gas.



Electrochemical Tuning of Surface Termination
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Voltage Imaging

o System allows imaging of local changes in solution
potential via relative changes in NV fluorescence.

167 frames/sec

1



Performance

o Device exhibits linear response within a £50mV
dynamic range.

o Response time presently RC limited to ~300us
but still sufficient for electrophysiology.

o Substantial room for improvement: intrinsic NV

response time is at most ~100ns (Schreyvogel C.

et al, Beilstein Journal of Nanotechnology 7,
2016).

McCloskey, D. J. et al., Nature Photonics 16 (2022)
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o Complete photostability.
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Diamond nanoplllar ‘optrodes’ improve
tivity

ight collection and sens

N
S

Fluorescence (kCounts/s)
$

Flat x10

Q

o Also act as anchor points for neuronal culturing, can boost
signal strength via ‘engultment’ by the cell membrane.

McCloskey, D. J. et al., Nature Photonics 16 (2022) (SCCI|6 bars 10 “m) 14
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Dr. Nikolai Dontschuk — Friday at 10AM (CMM 8)

McCloskey, D. J. et al., Nature Photonics 16 (2022)
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Prospects for Biological Imaging

o Current device specs sufficient for
infracellular measurements.

Diamond ‘nanoneedle’ fabrication for
infracellular measurement is currently
underway.

o

o Prior work on silicon nanowires shows tip

diameters <200nm are suitable for achieving

spontaneous intracellular access (Liu et al.,
Nano Left. 2017).
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Liu, R. et al., Nano Letters 17 (201 7) 17




Igle
but cell

| Imag

ICQO

for Biolog

o Neuronal cultures on single crystal O and H

Prospects

’

d successful

terminated diamon

viability is an open question.

& €&

" NWNANfrﬂnﬂnﬂﬂ

18



Prospects for Biological Imaging

o DVIM is compatible with cellular adhesion promoters based on cationic polymers

(poly-D-lysine).

o Cationic coating is equivalent to a change in the negative adsorbate density i.e., an
effective change in the surface oxidation state.
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Potential Interesting Use-Cases

o Fabrication of long (e.g., 100um) optrodes for optical access to organoid interiors.

o Sub-micron resolution could enable in vitro mapping and monitoring of synaptomic evolution
(‘memory’) processes.

o Transparent sensor could be coupled with existing fluorescent tags for correlated imaging of
electrical and e.g., structural, proteomic, metabolomic, genomic characterisfics.

o Optogenetic point-stimulation and DVIM recording for all-optical closed loop ‘optopatch’
system with continuous recording.

21



'Turning off’ the ensemble

McCloskey, D. J. et al., Nature Photonics 16 (2022)
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Experiment Validates Linear RC Circuit Model

Microelectrode tip
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Immersion oil
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Prospects for Biological Imaging

o Theoretical maximum single- o Progress being made towards achieving these
optrode sensitivity is around conversion rafios.
370nV/VHz (~2x the per- o Current work also exploring alternative fluorescent
area sensitivity of CMOS defects for this application.
chips).

o Current N-NV conversion
~0.1%. 10% conversion will
enable comparable
performance to CMOS
MEAs for extracellular AP
tracking with ~micron

resolution. Caperis B oL L L et I YY YN
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Potential Interesting Use-Cases

o |dentification of new markers/indicators of healthy and diseased states that are robust to
culture-to-culture variation.

— New assays for assessing drug efficacy.
— Precision medicine for central nervous system disorders.

— Integration into preclinical neuro-pharmaceutical development pipeline (reduced clinical trial
failure rate).

+
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fluorescent defects in diamond. PhD thesis. The University of Melbourne.
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Charge-State Population (%)
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Temperature-dependent fluorescence
spectroscopy confirms conversion to NV*
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