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BRAIN-MACHINE INTERFACE BASED ON
PHOTONIC NEURAL PROBE ARRAYS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of Provisional
Patent Application Nos. 61/539,133, filed on Sep. 26, 2011,
and 61/568,331, filedon Dec. 8, 2011, which are incorporated

by reference herein.

BACKGROUND
[0002] 1. Field of the Invention
[0003] Theinvention relates to an apparatus and method for

illuminating and 1imaging tissue.

[0004] 2. Related Art

[0005] In the past decade, there has been an interest in
stimulating neurons using light-activated 1on channels
(Yizhar, O., et al., Optogenetics 1n Neural Systems, 2011,
Neuron 71; Zhang, F., et al., Red-shifted optogenetic excita-
tion: a tool for fast neural control derived from Volvox cart-
eri., 2008, Nat. Neurosci. 11 (6)). Light-activated channels
allow for light-activated modulation of neuron membrane
potentials, and light-activated channels can be delivered to
individual neuron types for specific activation of target neu-
rons. The most eflective stimulatory protein to date 1s chan-
nelrhodopsin-2 (Yizhar, O., et al., Optogenetics in Neural
Systems, Neuron 71, 2011; Zhang, F., et al., Channelrhodop-
sin-2 and optical control of excitable cells, 2006, Nature
Methods 3 (10); Boyden, E., et al., Millisecond-timescale,
genetically targeted optical control of neural activity, 2005,
Nat. Neurosci 8 (9)). Channelrhodopsin-2 1s a light-stimu-
lated cation channel from the green algae C. reinhardtii
(Sineshchekow, O. A, et al., Two rhodopsins mediate photo-
taxis to low- and high-intensity light in Chlamydomonas rein-
hardtii, 2002, Proc. Natl. Acad. Sci. (USA) 99 (13)), and can
be used to stimulate neurons optically (Boyden, E., et al.,
Millisecond-timescale, genetically targeted optical control of
neural activity, 2005, Nat. Neurosci 8 (9)). There are now
different proteins available for optogenetic excitation or inhi-
bition of neurons (Yizhar, O., et al., Optogenetics 1n Neural
Systems, 2011, Neuron 71).

[0006] Neural probes for stimulation of light-activated
channels are desirable, although current technology involves
crude approaches such as simply gluing an optical fiber
directly to aneural shank (Royer, S., et al., Multi-array silicon
probes with integrated optical fibers: light-assisted perturba-
tion and recording of local neural circuits 1n the behaving
amimal, 2010, Eur. J. Neurosci. 31 (12)). Another neural probe
has been described having twelve optical waveguides fabri-
cated on a simple silicon oxynitride shank (Zorzos, et al.,

Multiwaveguide implantable probe for light delivery to sets
of distributed brain targets, 2010, Optics Letters 35 (24)).

SUMMARY

[0007] Theinventors recognize that an optically-based sys-
tem capable of providing dense local interactions with large
numbers of neurons 1n living tissue 1s desirable.

[0008] In one aspect, a first method for examining a tissue
1s provided. The method 1includes i1lluminating a volume of a
tissue with photons from a three-dimensional array of optical
emitters inserted into the tissue. The tissue can be neural
tissue, which 1n some embodiments 1s brain tissue. In some
embodiments, the tissue, including neural tissue, can be pre-
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pared by optogenetic methods. The array 1n any embodiment
can 1nclude elongated microsized probes that contain the
optical emitters. Also, the source of the photons can comprise
an emission multiplexer.

[0009] The illuminating can result in neurostimulation of
the tissue. In some embodiments, the 1lluminating results in
stimulation of chemical reporter molecules in the tissue, 1n
stimulation of voltage reporting molecules in the tissue, 1n
stimulation of stress- or mechano-reporting molecules 1n the
tissue, or a combination thereof.

[0010] Inthemethod, the optical resolution of the array can
be about 200 um 1n at least one dimension of the volume. In
addition, the 1lluminating can include two-photon or multiple
photon excitation of the volume.

[0011] In another aspect, a second method for examining a
tissue 1s provided. The method includes detecting photons
from a volume of a tissue using a three-dimensional array of
optical detectors inserted into the tissue. The tissue can be
neural tissue, which 1n some embodiments 1s brain tissue. In
some embodiments, the tissue, including neural tissue, can be
prepared by optogenetic methods. The array 1n any embodi-
ment can 1nclude elongated microsized probes that contain
the optical detectors. In some embodiments, the photons are
produced by 1lluminating the tissue volume.

[0012] The photons 1in some embodiments can be emitted
from chemical reporter molecules 1n the tissue, from voltage
reporting molecules 1n the tissue, from stress- or mechano-
reporting molecules 1n the tissue, or a combination thereof.

[0013] Inthemethod, the optical resolution of the array can
be about 200 um 1n at least one dimension of the volume. In
addition, the photons can be produced by two-photon or mul-
tiple photon excitation of the volume. Also, the photons can
be produced by 1lluminating the tissue volume using a three-
dimensional array of optical emitters inserted into the tissue.
Thus, the first method 1nvolving 1lluminating and the second
method mvolving detecting can be combined into a single
method.

[0014] Inatfurther aspect, a device for examining a tissue 1s
provided. The device can be used for practicing the methods
described herein. The device includes elongated microsized
probes, each probe comprising one or more optical emitters,
or one or more optical detectors, or both one or more optical
emitters and one or more optical detectors. In the device, the
probes are arranged to form a three-dimensional array of the
one or more optical emitters or a three-dimensional array of
the one or more optical detectors, or both a three-dimensional
array of the one or more optical emitters and a three-dimen-
sional array of the one or more optical detectors. In some
embodiments, the probes have cross-sectional diameters of
about 10 um or less. In some embodiments, the probes are of
a size so as not to cause gliosis. The one or more optical
emitters and/or one or more optical detectors 1n any embodi-
ment can be arranged along the length of the probes. The
device can further include one or more optical sources opti-
cally connected to the probes. The one or more optical sources
can comprise an emission multiplexer.

[0015] Insomeembodiments, the one or more optical emit-
ters are waveguide terminals. In some embodiments, the one
or more optical emitters are optical devices, which 1n some
embodiments can be micro-ring resonators, photonic crystal
resonators, nanobeam cavities, diffraction gratings,
waveguide-coupled gratings, or etched, chip-integrated
45-degree mirrors, or a combination thereof. In some
embodiments, the one or more optical emitters 1s any combi-
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nation of the optical devices and waveguide terminals. In
some embodiments, the one or more optical detectors can be
S1 photodetectors, Ge photodetectors, grating-coupled detec-
tors, or a combination thereol. Any combination of these
optical emitters and optical detectors 1s contemplated.
[0016] In the device, the optical resolution of the array of
emitters and/or the array of detectors can be about 200 um.
[0017] In another aspect, a system comprising the device
and Turther comprising one or more optical sources optically

connected to the probes 1s provided. The one or more optical
sources can comprise an emission multiplexer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] For a more complete understanding of the present
invention, reference 1s now made to the following descrip-
tions taken 1n conjunction with the accompanying drawings,

in which:

[0019] FIG. 1 1s a schematic drawing of an embodiment of
a probe device.
[0020] FIG. 2 1s a schematic drawing of an embodiment of

an emission multiplexer. In (A), an automated fiber address-
ing/excitation system emission multiplexer 1s shown, with a
side view of a termination block depicted; 1n (B), a front view
of the termination block 1s shown.

[0021] FIG. 3 1s a schematic drawing of an embodiment of
a pixel addressing system for a three-dimensional emission
and/or detector pixel array.

[0022] FIG. 4 1s a schematic drawing of two active emitters
and a resulting volume of 2-photon excitation.

[0023] FIG. 5 1s a schematic drawing of a 2-photon excita-
tion volume of 1lluminated neural tissue.

[0024] FIG. 6 1s a schematic drawing of a neural probe.
DETAILED DESCRIPTION
[0025] In a particular aspect, an optically based system

capable of providing dense local interactions with large num-
bers ol neurons or other cell types 1n living tissue 1s provided.
The implementation 1s multifunctional and amongst 1ts
potential applications are: high-resolution local 1imaging of
large volumes of neural or other tissue, recording the extra-
cellular and intracellular potentials of large numbers of neu-
rons within such volumes, and highly selective local stimu-
lation of neurons based on optogenetic excitation.

[0026] The system can comprise a large array of elongated
probes (such as neural probes) with small cross-section, each
studded with 1ts own three dimensional (3D) array of optical
emitters or optical detectors, or both optical emitters and
detectors. Preserving a narrow cross-section maximizes the
capability of the probes to be used for chronic applications 1n
neural tissue without attendant gliosis. Taken together, the
ensemble constitutes separate arrays of optical emitters and/
or optical detectors that densely fill a volume of neural or
other tissue. The desired density of the 3D array can be set by
the fundamental length scale over which the interactions (e.g.
2-photon excitation, etc.) decay.

[0027] The optical emitters can be employed for one-pho-
ton, two-photon, or multiple photon excitation of both nano-
particles, dyes, molecules, or other entities. This excitation
can enable both neurostimulation and optical imaging that 1s
highly local and selective.

[0028] Thethree-dimensional array of optical detectors can
permit ultrafast, highly-oversampled reconstruction of opti-
cal emission from neural or other tissue (appropnately
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labeled, as necessary, with local reporters, dyes, etc.) result-
ing from selective local excitation. Given that the optical
excitation and detection elements can be readily configured to
provide sampling at the picosecond scale or faster, temporal
resolution of local spiking of neurons or tracking of intracel-
lular potential can be achieved with use appropriate local-
potential-sensing nanoparticles, dyes, molecules, or other
entities that yield adequate voltage sensitivity.

[0029] Referring to FIG. 1, one embodiment of a probe
device includes an elongated probe 2 containing a probe
shank 4, an optical emitter 6 and an optical detector 8. In the
embodiment, planar, two dimensional arrays of probe shank
are provided, each array 10 attached to a separate probe body
12, which can be a single-shank or multi-shank probe body. A
plurality of multi-shank probe bodies are themselves aligned
within a probe headstage 14 to form a three dimensional array
of probes. On each of the multi-shank probe bodies, one or
more than one grating coupler 16 allows efficient coupling
between optical fibers from an optical source, such as an
emission multiplexer, and integrated optical waveguides that
are on each of the probe shanks.

[0030] The embodiment depicted i FIG. 1 1s based on a
micro-mechanical assembly of locking shank probe bodies
into an appropriately configured probe headstage. Optical
fibers (waveguides) from an optical source such as an emis-
sion multiplexer can be similarly mechanically attached at
one or more than one attachment point 18 to the grating
couplers for each probe shank. Other probe assemblies can
employ full 3D integration, which will permit mechanical
assemblies to be circumvented entirely. This integrated
approach will employ optical excitation elements—sources
that might include, but are not limited to, surface-emitting or
edge-emitting laser diodes, or light-emitting diodes—+to be
co-fabricated with the optical waveguides themselves, on-
chip. A significant benefit of full three-dimensional integra-
tion 1s that the pitch between the probe bodies (the two dimen-
sional enftities from which the full three dimensional
architecture 1s constructed) can be significantly smaller than
what can be achieved by mechanical assembly. In the case of
3D integration, the probe body-to-probe body pitch 1s limited
only by the requisite layer thickness of the probe bodies
themselves.

[0031] A three-dimensional array of emitters can be
sequentially excited by a combined spatial-and-wavelength-
addressing (SAWA ) method. One embodiment of an emission
multiplexer 1s the SAWA system pictured 1in FIG. 2, in which
a controller 20 directs a frequency shift driver 22 and a raster
driver 24, both connected to a first and a second laser 26,28,
respectively. In this configuration, a plurality of optical
beams, such as one beam 30 from the first laser and another
beam 32 from the second laser, can be utilized. The optical
beams are optically connected to one or more than one optical
waveguide 34, which alone or with other optical waveguides
forms a fiber matrix 36. A fiber matrix termination block 38
organizes the fiber matrixes, with one end of each fiber matrix
terminating at a fiber termination 40 1n the block. An optical
coupler 1s present at each fiber termination for optical con-
nection to one or both optical beams. The other end of a fiber

matrix can be connected to a probe device, for example, at the
attachment point 18 of the device shown 1n FIG. 1.

[0032] Referring to FIG. 2, the optical beams can be simul-
taneously both spatially rastered and wavelength shifted to
enable a temporally coherent, programming protocol. This
combination of programming enables addressing both the
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individual optical waveguides (which can be directly coupled
to individual probes, such as the probes shown in FIG. 1), as
well as the individual emitter elements from amongst the
array on each of the probes (which can be wavelength addres-
sable by resonant optical elements).

[0033] Other embodiments of SAWA implementations can
use full 3D integration, which can enable realization of mul-
tiplexing without the mechanical assemblies and free-space
optical propagation depicted in FIG. 2. For example, coupling
pairs ol integrated optical sources to each optical fiber or
waveguide would allow the imndividual SAWA “channels™ to
be electronically activated (addressed). Such sources can
include, but are not limited to, surface-emitting or edge-
emitting laser diodes, light-emitting diodes, and the like.

[0034] A numbering system 42 can be used to describe a
three-dimensional emission pixel array, as shown1n FIG. 3. A
similar scheme can be used to number a detector pixel array.
Individual probe shanks can be labeled with index 1, whereas
the individual emitter pixels (or detector pixels) on a given

shank can be labeled with index (k).

[0035] Referring to the embodiment 1n FIG. 1, each probe
shank can be studded with its own separate array of one or
more than one optical emitter 6 and/or optical detector 8. The
probe-specific emitter arrays can be (1) coupled as an
ensemble to a common optical bus, or (11) each emitter ele-
ment can be coupled to its own probe-integrated optical
waveguide. In the first case, a single optical waveguide run-
ning longitudinally down each probe shank can be evanes-
cently-coupled to the probe-specific array of optical emaitters.
Each emitter in this first case would be coupled to the com-
mon bus resonantly, at an emaitter-pixel-specific wavelength
in a fashion akin to wavelength division multiplexing. In the
second case, each probe shank would contain a plurality of
integrated optical waveguides running longitudinally down
its length; each of these waveguides would terminate 1n (1.e.
be specifically coupled to) 1ts own optical ematter.

[0036] The term “optical emitter” refers to an optical ele-
ment from which light and other optical radiation 1s emaitted.
Depending on the particular embodiment and configuration
ol a probe device, the optical emitter can be, for example, a
waveguide terminal or can be an optical element such as a
micro-ring resonator, a photonic crystal resonator, or a micro-
tabricated difiraction grating. The term “emitter pixel” refers
to the point on a probe where light 1s ematted.

[0037] One-, two-, or multiple photon methods of 1llumi-
nation can be achieved by appropriate programming of an
emitter-pixel excitation protocol. FIG. 4 makes apparent that
the entire volume of neural tissue spanned by the emitter pixel
array can be covered 1n a piece-wise continuous, but highly-
local, manner by addressing pairs of emitter pixels to which
the excitation 1s sequentially applied. Stepping through the
sequence ol pairs 1n the array illuminates overlapping “slices”
of the neural tissue. In other excitation protocols, different
groups ol emitter pixels can be addressed to provide alternate
patterns of 1llumination.

[0038] FIG. 4 illustrates the effective volume 44 of 2-pho-
ton excitation for one specific step of a time-stepped protocol,
in which a sequential ensemble of temporally-programmed
emitter pairs are excited. For the specific step of the sequence
that 1s 1llustrated, the etfective volume 1lluminated 1s local-
1zed on a plane perpendicular to a longitudinal axis A span-
ning the two active emitters for this specific step of the tem-
poral sequence. The 1lluminated volume 46 for one member
of the emitter pair, and the 1lluminated volume 48 for the other
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member of the emitter pair are also shown 1n the figure. In
some embodiments, the optical resolution of an emitter array
1s about 200 um 1n at least one dimension of the volume
illuminated. Thus, the array can sample about a 200 um
portion of a tissue.

[0039] FIG. 5 shows a conceptual view of a two-photon
excitation volume 50 1lluminating a neural tissue. Some pos-
sible targets for two-photon optical excitation include, but are
not limited to, a specifically labeled dendrite 52, specifically-
labeled cell body 54, synaptic junction 56 or synaptic cleft,
specifically labeled interior component within neural cells
such as a synaptic vesicle, and the cell membrane 1tself. When
probes are localized within the cell membrane, use of an
clectric- or magnetic-field sensitive optical probe would per-
mit optical resolution of the intracellular potential of the
labeled neuron. A complementary modality would involve
use of electric- or magnetic-field dependent probes 1n the
extracellular medium; 1n this case the extracellular potential
(and neural spiking) would be sensed.

[0040] FIG. 6 shows a way of preparing a neural probe
having a common optical bus. In this embodiment, an optical
input can be coupled to a bus waveguide 38 using a grating
coupler 60 leading to a ring resonator array 62. Fach ring
resonator 64 1s evanescently coupled to the bus waveguide 58
and a terminal waveguide 66, providing for power transier
into the terminal waveguide. Light emerges from the end of
the terminal waveguide at an optical emitter pixel 68.

[0041] In other embodiments, resonant addressing of indi-
vidual emitter pixels can also occur via micro-ring resonators,
photonic crystal resonators, microfabricated difiraction grat-
ings, or waveguide terminated grating couplers, or use of
simple out-of-plane reflecting elements, incorporated into
and along a probe shatt. The examples listed above are meant
to be 1llustrative, but not exhaustive.

[0042] Separate arrays ol optical detectors (or detection
pixels), integrated onto each probe shank, permit acquisition
of spatially-dense and highly oversampled data from optical
emissions within the tissue surrounding the entire probe
array. This can provide the basis for highly local reconstruc-
tion of optical emission within the sampled volume, with very
high spatial resolution. Detection pixels can be differentiated
into categories ol active local detection, and passive local
collection. Possible implementations of the active local
detection pixels include use of electro-optic elements such as
S1 and Ge photodetectors, among a range of possibilities.
Connection to each of these active detection elements would
be enabled by separate electrical waveguides running longi-
tudinally along the probe shatts. Possible implementations of
detection pixels utilizing passive local collection could
employ grating-coupled collectors at the terminus of separate
optical waveguides that run longitudinally along the shaftt to
subsequent active optical detection elements (located else-
where, such as on the probe body, on the probe headstage, or
beyond.) The optical acceptance angle of such grating cou-
plers can be extended by use of local microfabricated lenses
placed optimally above each grating.

[0043] A probedevice can include both optical emitters and
optical detectors. Such devices can be used to both 1lluminate
and detect photons. In other embodiments, a probe device can
include only optical emitters. In this case, the probe device
can be used to 1lluminate tissue. Alternatively, a probe device
can 1nclude only optical detectors, and can be used to detect
photons.
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[0044] Although the system has been described mainly 1n
connection with neural tissue, the methods, systems, devices
and other embodiments are also applicable to other tissues,
such as muscle. Examples of cells 1n that can be investigated
and appropnately labeled include, but are not limited to,
neurons, glial cells and muscle cells. The tissue can be 1n an
organism, or can be explanted tissue.

[0045] Insome embodiments, the tissue can be prepared by
optogenetic methods. In optogenetics, photoactivatable pro-
teins, receptors or channels can be incorporated into tissues,
making the tissues photo-responsive (Yizhar, O., et al., Opto-
genetics 1n Neural Systems, Neuron 71, 2011; Zhang, F., et
al., Channelrhodopsin-2 and optical control of excitable cells,
Nature Methods 3 (10), 2006; Boyden, E., et al., Millisecond-
timescale, genetically targeted optical control of neural activ-
ity, Nat. Neurosci 8 (9), 2005).

[0046] A probe can be sized to be used in neural tissue
without causing gliosis by, for example, keeping the volume
ol the probe much less than the volume of a neural cell. For
example, amicrosized probe has a cross-sectional diameter 1n
the range of about 10 um to about 50 um, or about 10 um to
about 25 um. In some embodiments, a microsized probe can
have a cross-sectional diameter of about 10 um or less. The
density of probes on a probe device can be configured to
mimmize gliosis or tissue damage.

[0047] The photons emitted from a tissue and detected by a
probe device can be produced by photoluminescence, chemi-
luminescence, bioluminescence, or other types of lumines-
cence, or combinations thereof. For example, a tissue labeled
with a dye can emit photons by photoluminescence, which
can be detected by the probe device. Also, a tissue labeled
with a potential-sensing nanoparticle can emit photons when
the tissue potential changes; the emitted photons can then be
detected by the probe device. Stimulation of a tissue to emit
photons can be accomplished by electrical stimulation,
chemical or biological stimulation, i1llumination, or other
means. For example, neural tissue labeled with a potential-
sensing nanoparticle could be electrically stimulated or
treated with a neural transmitter to stimulate tissue potential
changes for detection by the probe device. Illumination of
tissue by a probe device, as described herein, can also lead to
stimulation of chemical reporter molecules 1n the tissue, or
stimulation of stress- and mechano-reporting molecules.

[0048] Although various components of the probe device
have been described separately, 1t should be understood that
any embodiment of one component 1s contemplated to be
combined with any embodiment of another component. Thus,
for example, any combination of optical emitters, optical
detectors, fiber shanks and optical sources 1s envisioned.
Similarly, although various features of the methods have been
described separately, it should be understood that any
embodiment of one feature 1s contemplated to be combined
with any embodiment of another feature.
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[0057] Although the present invention has been described

in connection with the preferred embodiments, 1t 1s to be

understood that modifications and variations may be utilized
without departing from the principles and scope of the inven-
tion, as those skilled in the art will readily understand.

Accordingly, such modifications may be practiced within the

scope of the invention and the following claims.

What 1s claimed 1s:
1. A method for examining a tissue, comprising
illuminating a volume of a tissue with photons from a
three-dimensional array of optical emitters inserted into
the tissue.
2. The method of claim 1, wherein the tissue 1s a neural
tissue.
3. The method of claim 2, wherein the neural tissue 1s
prepared by optogenetic methods.
4. The method of claim 1, wherein the array comprises
clongated microsized probes comprising the optical emaitters.
5. The method of claim 1, wherein the optical resolution of
the array 1s about 200 um 1n at least one dimension of the
volume.
6. The method of claim 1, wherein the photons are pro-
duced from a source that comprises an emission multiplexer.

7. A method for examining a tissue, comprising,

detecting photons from a volume of a tissue using a three-
dimensional array of optical detectors mserted into the
tissue.

8. The method of claim 7, wherein the tissue 1s a neural
tissue.

9. The method of claim 7, wherein the array comprises
clongated microsized probes comprising the optical detec-
tors.

10. The method of claim 7, wherein the photons are pro-
duced by 1lluminating the tissue volume.

11. The method of claim 7, wherein the optical resolution
of the array 1s about 200 um 1n at least one dimension of the
volume.

12. The method of claim 7, wherein the photons are pro-
duced by i1lluminating the tissue volume using a three-dimen-
sional array of optical emitters mserted into the tissue.

13. A device for examining a tissue, comprising,

clongated microsized probes, each probe comprising one

or more optical emitters and/or one or more optical
detectors, wherein the probes are arranged to form a
three-dimensional array of the one or more optical emit-
ters and/or a three-dimensional array of the one or more
optical detectors.
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14. The device of claim 13, wherein the probes have cross-
sectional diameters of about 10 um or less.

15. The device of claim 13, wherein the one or more optical
emitters and the one or more optical detectors are arranged
along the length of the probes.

16. The device of claim 13, further comprising one or more
optical sources optically connected to the probes.

17. The device of claim 16, wherein the one or more optical
sources comprise an emission multiplexer.

18. The device of claim 13, wherein the one or more optical
emitters comprise one or more waveguide terminals.

19. The device of claim 13, wherein the one or more optical
emitters comprise one or more micro-ring resonators, photo-
nic crystal resonators, nanobeam cavities, diffraction grat-
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ings, waveguide-coupled gratings, or etched, chip-integrated
45-degree mirrors, or a combination thereof.

20. The device of claim 13, wherein the one or more optical
detectors are one or more S1 photodetectors, Ge photodetec-
tors, or grating-coupled detectors, or a combination thereof.

21. The device of claim 13, wherein the optical resolution
of the array of emitters and/or the array of detectors 1s about
200 um.

22. A system comprising the device of claim 13 and turther
comprising one or more optical sources optically connected
to the probes.

23. The system of claim 22, wherein the one or more
optical sources comprise an emission multiplexer.
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