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(57) ABSTRACT

Thermal drawing processes can be used to make multifunc-
tional, high-resolution neural probes for neural recording and
stimulation. An exemplary neural probe may include one or
more conductive fibers or microelectrodes coated with two or
more layers of insulating material, at least one of which is
partially etched to expose a tip at the neural probe’s distal end.
The conductive fibers conduct electrical signals (e.g., neural
spikes or electrical stimulation) between the tip and the neural
probe’s proximal end. Optional optical and fluidic
waveguides may guide light and fluid, respectively, between
the tip and the proximal end. A neural probe may be flexible
enough for long-term (chronic) implantation in neural tissue
(e.g., the brain) without excessive tissue damage, even during
movement of the brain in the skull. The probe may be made
from biocompatible materials, such as insulating and conduc-
tive polymers, that have negligible (insignificant) interaction
with the surrounding tissue.
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FIG. 7A
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METHODS AND APPARATUS FOR
STIMULATING AND RECORDING NEURAL
ACTIVITY

GOVERNMENT SUPPORT

[0001] This invention was made with government support
under Grant No. DMR-0819762 awarded by the National
Science Foundation. The government has certain rights in this
invention.

BACKGROUND

[0002] Neural probes are used to record and stimulate neu-
ral activity in vivo in neural tissue, including the brain. As
understood by those of skill in the art, stimulating a neuron
causes a brief change in the neuron’s electrical membrane
potential. The change in membrane potential, also called a
nerve impulse or spike, plays an important role in cell-to-cell
communication and can be detected using electrodes inserted
or implanted in the neural tissue. Relatively low-impedance
(e.g., less than about 150 kQ) electrodes can be used to record
the local field potential (LFP), which is the low-frequency
component of the extracellular voltage detected in the cortex.
Electrodes with higher impedance (e.g., about 150 kQ to
about 10 M€2) can be used to record the unit potential, which
is the electrical activity of a single neuron. Implanted elec-
trodes can also be used to stimulate neural activity. Conven-
tional technologies for in vivo neural recording and stimula-
tion include silicon multi-electrode arrays (MEAs),
individual metallic electrodes, metal microwire tetrodes and
stereotrodes, silicon multitrode probes, cone electrodes, and
flat recording arrays embedded in polymer or a silk matrix.

SUMMARY

[0003] The Inventors have recognized that conventional
technologies for in vivo neural recording and stimulation
suffer from several drawbacks. More specifically, conven-
tional devices for electrophysiological recording on the
single cell level have elastic moduli that are much higher than
the elastic modulus of neural tissue (e.g., tens to hundreds of
gigapascals versus kilopascals to megapascals). In other
words, conventional electrophysiological recording devices
tend to be much stiffer than neural tissue. Because they are
stiffer than neural tissue, conventional electrophysiological
recording devices may damage tissue during and after
implantation in neural tissue. The tissue damage causes the
formation of glial scars, neuronal death, and bleeding, all of
which contribute to a progressive decrease in the quality of
the neural recording (e.g., lower signal-to-noise ratio (SNR),
fewer monitored cells). As a result, with a conventional elec-
trophysiological recording devices, it may become impos-
sible to record single neuron activity reliably within several
months of implantation.

[0004] It is also difficult to integrate other devices with
conventional electrophysiological recording devices. For
example, conventional electrophysiological recording
devices do not allow for straightforward incorporation of
other elements that may facilitate neural stimulation func-
tions, such as optical waveguides (e.g., for optogenetic
experiments or imaging) and hollow channels (e.g., for drug
delivery and fluid sampling).

[0005] Thus, drawbacks including excessive stiffness and
limited engineering design options limit the usefulness of
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conventional neural recording device for treating disease and
conducting basic scientific studies of neural circuits.

[0006] In view of the foregoing, embodiments of the
present invention address the shortcomings of conventional
neural recording devices. One embodiment includes a neural
probe with at least one outer insulating layer, at least one inner
insulating layer, and at least one conductive fiber. The inner
insulating layer is disposed within the outer insulating layer
and projects out of the outer insulating layer to form atip at a
distal end of the neural probe with an outer diameter of less
than about 500 pm. The conductive fiber is disposed with the
inner insulating layer and conduct electrical signals between
the proximal and distal ends of the neural probe.

[0007] In some examples, the neural probe comprises a
plurality of conductive fibers, each of which is disposed
within a respective inner insulating layer. In these cases, a
soluble adhesive, disposed on a surface at the tip of the neural
probe, may secure a first conductive fiber in the plurality of
conductive fibers to a second conductive fiber in the plurality
of conductive fibers during insertion of the neural probe into
tissue. After insertion/implantation, the soluble adhesive may
dissolves, allowing the conductive fibers to splay apart and/or
move in a less constrained fashion while implanted.

[0008] The conductive fiber may be made of tin, tin-in-
dium, tin-silver, tin-gold, tin-zinc, gold, silver, platinum, iri-
dium, tungsten, conductive polyethylene, conductive poly-
carbonate, conductive polyurethane, or a combination
thereof. It may have an impedance at the distal end of the
neural probe of about 150 kQ to about 10 MQ (e.g., about 150
kQ to about 3 MQ). In some cases, the conductive fiber’s
impedance is selected to measure the local field potential
(LFP); in other cases, it is selected to measure the single-unit
potential.

[0009] The inner insulating layer, outer insulating layer, or
both the inner and outer insulating layers may comprise one
or more polymers. In some cases, the inner insulating layer
has afirst solubility and the outer insulating layer has a second
solubility different than the first solubility. In other cases, the
inner insulating layer has a first molecular weight and the at
least one outer insulating layer has a second molecular weight
different than the first molecular weight. Differences in solu-
bility and/or molecular weight may be used to selectively or
preferentially etch one insulating layer (e.g., the outer insu-
lating layer) without etching the other insulating layer (e.g.,
the inner insulating layer).

[0010] Anexemplary neural probe may also include at least
one optical fiber, disposed within the at least one outer insu-
lating layer, to guide light between the proximal end of the
neural probe and the distal end of the neural probe. It can also
define a hollow lumen, disposed within the at least one outer
insulating layer, to guide fluid between the proximal end of
the neural probe and the distal end of the neural probe. If
desired, the neural probe may also include at least one mam-
malian cell, disposed within about 500 um of the distal end of
the neural probe, to interact with neural tissue. For instance,
the cell may be disposed on the tip or within a lumen or cavity
at the tip. Such a neural probe may also include a channel
defined by the conductive fiber, an optical fiber, or a hollow
lumen to stimulate the mammalian cell and/or record the
mammalian cell’s physiological response to interaction with
the neural tissue.

[0011] Additional embodiments include a method of mak-
ing a neural probe using thermal drawing. First, a first insu-
lating material is disposed about an outer surface of at least
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one conductive rod so as to form a first pre-form, e.g., by
wrapping, dip-coating, spraying, sputtering, or depositing the
first insulating material on the conductive rod. The conduc-
tive rod can also be inserted into a lumen formed by the first
insulating material. Next, a second insulating material, dif-
ferent than the first insulating material, is disposed about an
outer surface of the first pre-form so as to form a second
pre-form. The second pre-form is drawn to form a coated
conductive fiber. At least a portion of the second insulating
material is removed from a distal end of the coated conductive
fiber so as to form the neural probe.

[0012] In some cases, the second pre-form is formed by
drawing the first pre-form to form a drawn pre-form, section-
ing the drawn pre-form into a plurality of segments, and
disposing the second insulating material about at least some
of' the plurality of segments to form the second pre-form. The
second insulating material may also be disposed about an
outer surface of an optical fiber pre-form and/or about an
outer surface of a structure (e.g., a mandrel) that can be used
to define a hollow lumen.

[0013] Drawing the second pre-form may include heating
the second pre-form to a first temperature above both the
second pre-form’s melting temperature and its glass transi-
tion temperature. The second pre-form is then heated to a
second temperature below the first temperature before being
drawn at a predetermined drawdown ratio, e.g., by applying a
stress of about 150 g/mm? to about 1.5 kg/mm? to the poly-
mer-coated pre-form. In some cases, the first temperature
may be about 30% to about 80% above the higher of the
melting temperature and the glass transition temperature, and
the second temperature is about 5% to about 30% above the
higher of the melting temperature and the glass transition
temperature.

[0014] Once the fiber is drawn, the neural probe’s tip may
be defined using any suitable method for selectively remov-
ing the second insulating material. For instance, at least a
portion of the second insulating material can be dissolved in
a solvent, etching away, or removed based on a difference in
molecular weight between the first insulating layer and the
second insulating layer. If desired, at at least one mammalian
cell may be disposed within about 500 um of'the distal end of
the neural probe, e.g., placing the cell on the tip or inserting
the cell into a hollow lumen or cavity via suction, capillary
action, or electromagnetic force.

[0015] Yet another embodiment includes a method of inter-
facing with neural tissue with an exemplary neural probe,
which may include a conductive fiber disposed inside an inner
insulating layer, which in turn is disposed within an outer
insulating layer. A researcher, technician, or physician inserts
a distal end of a neural probe into neural tissue such that the
neural probe’s tip, which has an outer diameter of less than
about 500 um, interfaces with the tissue. Once properly
inserted, the conductive fiber conducts electrical signals
between the proximal and distal ends of the neural probe.
[0016] A recordingsystem may record the electrical signals
conducted by the neural probe. Similarly, the neural probe
may deliver electrical stimulation via the conductive fiber. It
may also guiding light between the proximal end ofthe neural
probe and a selected portion of the neural tissue via an optical
fiber disposed within the neural probe’s outer insulating layer.
And it can convey fluid (e.g., drugs) to or from a selected
portion of the neural tissue via a hollow lumen disposed
within the outer insulating layer. The neural probe may also
guide an electromagnetic signal or a chemical that stimulates
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atleast one mammalian cell disposed on or in the neural probe
within about 500 pm from the neural probe’s distal end.
[0017] Itshould be appreciated that all combinations of the
foregoing concepts and additional concepts discussed in
greater detail below (provided such concepts are not mutually
inconsistent) are contemplated as being part of the inventive
subject matter disclosed herein. In particular, all combina-
tions of claimed subject matter appearing at the end of this
disclosure are contemplated as being part of the inventive
subject matter disclosed herein. It should also be appreciated
that terminology explicitly employed herein that also may
appear in any disclosure incorporated by reference should be
accorded a meaning most consistent with the particular con-
cepts disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-
sary fee.

[0019] The skilled artisan will understand that the drawings
primarily are for illustrative purposes and are not intended to
limit the scope of the inventive subject matter described
herein. The drawings are not necessarily to scale; in some
instances, various aspects of the inventive subject matter dis-
closed herein may be shown exaggerated or enlarged in the
drawings to facilitate an understanding of different features.
In the drawings, like reference characters generally refer to
like features (e.g., functionally similar and/or structurally
similar elements).

[0020] FIG. 1 illustrates a system for recording and stimu-
lating electrical activity in neural tissue using a flexible neural
probe.

[0021] FIGS. 2A and 2B show cut-away and perspective
views, respectively, of a neural probe suitable for use with the
system of FIG. 1.

[0022] FIGS. 3A-3D illustrate different neural probe con-
figurations suitable for use with the system of FIG. 1.
[0023] FIGS. 4A and 4B illustrate a neural probe with
multiple filaments held together by a water-soluble adhesive
before and after, respectively, insertion into neural tissue.
[0024] FIGS. 5A-5C illustrate a process for coating a con-
ductive rod in an insulating material (FIG. 5A) to form a first
pre-form (FIG. 5B), which is in turn coated with another
insulating material to form a second pre-form (FIG. 5C)
suitable for thermal drawing.

[0025] FIG. 6 illustrates a process for drawing the second
pre-form shown in FIG. 5C.

[0026] FIG. 7A is a photograph of a macroscopic template
(pre-form) with a tin electrode (conductive fiber) surrounded
with poly(etherimide) (PED).

[0027] FIG. 7B illustrates the first step of a two-step draw-
ing process using the macroscopic template of FIG. 7A.
[0028] FIG. 7C is an optical microscope image of strand
produced by first extrusion step in FIG. 7B.

[0029] FIG. 7D is an image of a composite template incor-
porating 36 of the strands show in FIG. 7C surrounding by a
layer of poly(etherimide) (PEI).

[0030] FIG. 7E illustrates the second step of a two-step
drawing process using with the composite template of FIG.
7D.
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[0031] FIG.7F is a scanning electron micrograph (SEM) of
the tip at the distal end of the neural probe produced by
extrusion of the composite template in FIG. 7E.

[0032] FIG. 7G is an SEM of one of the 5 pum electrodes
shown in FIG. 7F.

[0033] FIG.7H is a drawing of a nerve cell in contact with
the electrode shown in FIG. 7G.

[0034] FIGS. 8A and 8B are plots of etch depth versus time
for PEI and tin, respectively.

[0035] FIG. 9 is a photograph of the tip of an exemplary
neural probe after etching.

[0036] FIGS. 10A-10D illustrates trapping and genetic
modification of'a neuron trapped within a neural probe, which
is used first to synaptically connect the neuron to targeted
neural tissue and then to characterize the targeted neural
tissue.

[0037] FIG.11Ais aplotofneural activity in the absence of
stimulation in the medial prefrontal cortex (mPFC) in an
anesthetized 8-week old Thy 1:18 ChR2-expressing trans-
genic male mouse obtained with a neural probe having 5 um
electrodes in a 36-electrode array.

[0038] FIG. 11B is a plot of action potential shapes of the
higher-amplitude spike shown in FIG. 11A.

[0039] FIG. 11C is a plot of multi-unit response to 20 Hz
optical stimulation at a wavelength of 473 nm laser, pulse
power of about 7mW, and a pulse width of 5 ms recorded with
the mouse/probe setup of FIG. 11A.

[0040] FIG.11Dis a plot of multi-unit spikes in response to
optical pulses across 20 trials identical to the trial represented
in FIG. 11C.

[0041] FIG. 11E is a plot of the multi-unit firing rate aver-
aged across the 20 trials represented in FIG. 11D.

[0042] FIG. 11F is a plot of multi-unit response to 100 Hz
optical stimulation at a wavelength of 473 nm laser, pulse
power of about 7mW, and a pulse width of 5 ms recorded with
the mouse/probe setup of FIG. 11A.

[0043] FIG.11G s a plot of multi-unit spikes in response to
optical pulses across 20 trials identical to the trial represented
in FIG. 11F.

[0044] FIG. 11H is a plot of the multi-unit firing rate aver-
aged across the 20 trials represented in FIG. 11G.

[0045] FIG. 12A is a plot of transmitted intensity versus
waveguide length for a polycarbonate (PC)/cyclic olefin
copolymer (COC) waveguide in a neural probe.

[0046] FIG. 12B is a picture of the PC/COC waveguide of
FIG. 12A partially guiding light.

[0047] FIG. 12C is a plot of action potentials evoked in an
anesthetized Thy1-ChR2-YFP mouse in 20 trials using opti-
cal stimulation at 20 Hz via the waveguide of FIGS. 12A and
12B.

[0048] FIG.12Dis aplot of the evoked firing rate averaged
across the 20 trials represented in FIG. 12C.

[0049] FIG. 12E is a plot of action potentials evoked in 20
trials of the mouse of FIG. 12C using optical stimulation at 50
Hz via the waveguide of FIGS. 12A and 12B.

[0050] FIG. 12F is a plot of the evoked firing rate averaged
across the 20 trials represented in FIG. 12E.

DETAILED DESCRIPTION

[0051] Embodiments of the present invention include fiber-
inspired probes for stimulating and recording neural activity
using electrical, optical, and pharmacological interrogation.
Exemplary neural probes can be implanted in human patients
and animal models to assess and modulate neural activity in
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the context of diseases such as epilepsy, Parkinson’s, Alzhe-
imer’s, major depressive disorder, autism spectrum disorders,
substance addiction, post-traumatic stress disorder, and trau-
matic brain injury. They can also be used to research basic
principles of brain function, including but not limited to
learning and memory processes. Furthermore, an exemplary
neural probe can be used in a brain-machine interface to
restore motor and cognitive function lost due to limb ampu-
tation, locked-in syndrome, paraplegia, or quadriplegia
resulting from spinal cord or peripheral nerve injury.

[0052] An exemplary neural probe can be made using a
thermal drawing process similar to the drawing processes
used for making optical fibers. For instance, thermal drawing
can be used to make a neural probe that includes an array of
metal or conductive polymer wires within an insulating clad-
ding, which insulates each individual wire and the device as a
whole. Suitable materials for the insulating cladding include,
but are not limited to poly(etherimide), polycarbonate,
poleolefin, cyclic olefin copolymer, polysulfone, polyure-
thane, glasses (e.g., silica), and derivatives thercof. The
geometry of the wires, the pattern of the array, and the geom-
etry of the cladding can vary, and may be similar the fiber-like
shape of a nerve bundle. A neural probe can also include a
hollow channel enabling drug delivery and an optical
waveguide for optogenetic stimulation or imaging.

[0053] Systems for High-Resolution Neural Recording and
Stimulation
[0054] FIG. 1 illustrates a system 100 for recording and/or

stimulating neural activity in a person or animal (not shown).
The system 100 includes a neural probe 200 that can be
inserted and chronically implanted in neural tissue 12 of a
subject 10. The neural probe 200 is electrically connected to
a multi-channel data acquisition system 110 via a cable 112,
which conveys electrical signals representative of neural
activity (e.g., single unit potentials and/or local field poten-
tials) to the data acquisition system 110, which records and
optionally analyzes the signals. The data acquisition system
110 may also generate electrical stimulation signals and
transmit them to selected neurons within the neural tissue 112
via the cable 112 and the neural probe 200.

[0055] The neural probe 200 is optically coupled to a light
source, shown in FIG. 1 as a laser diode 120, via an optical
fiber 122. The optical fiber 122 guides electromagnetic radia-
tion (light) from the laser diode 120 to neural probe 200 for
stimulation of the neural tissue 12. For instance, the laser
diode 120 may emit pulses of blue light (473 nm) for opto-
genetic stimulation of specific neurons in the neural tissue 12
that express light-sensitive proteins. For instance, optoge-
netic stimulation may be used as part of a brain-machine
interface to induce certain reactions in the patient, possibly to
compensate for loss of or damage to neural tissue 12. The
neural probe 120 may also guide light from the neural tissue
12 to a detector (not shown), e.g., to image the neural tissue 12
or to measure transmission/scattering of light through neural
tissue 12.

[0056] Inaddition, the neural probe 200 may also be in fluid
communication with a syringe 130 via tubing 132. Depress-
ing the syringe’s plunger with a syringe pump 130 causes
fluid, such as a particular drug, to flow from the syringe 130 to
the neural tissue 12 via the tubing 132 and the neural probe
200. Withdrawing the syringe’s plunger with the syringe
pump 130 sucks fluid out of the neural tissue 12 via the tubing
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132 and the neural probe 200. The precise fluid speeds, fluid
forces, and amounts of fluid can be controlled by adjusting the
syringe pump as desired.

[0057] Flexible, High-Resolution Neural Probes

[0058] FIGS. 2A and 2B show cut-away and perspective
views, respectively, of'a neural probe 200 suitable foruse with
the neural recording/stimulation system 100 shown in FIG.
100. The neural probe 200 is a flexible, multi-layer device
made of biocompatible material, such as insulating and/or
conductive polymers, using fiber-drawing techniques. Its
length may range from a few centimeters to several meters,
depending on the application. In some cases, the neural probe
has a Young’s modulus of tens of kilopascals to hundreds of
megapascals (e.g., 35 MPa), which is a range commensurate
with the Young’s modulus of neural tissue. Because the neural
probe’s elastic modulus is commensurate with the elastic
modulus of neural tissue, the neural probe 200 is less likely to
damage neural during insertion or while implanted than con-
ventional  implantable/insertable  electrophysiological
recording devices. It is also better suited to chronic, or long-
term, implantation than conventional implantable/insertable
electrophysiological recording devices.

[0059] As explained in greater detail below, the neural
probe 200 includes at least one inner layer 220 and at least one
outer layer 230 of biocompatible material disposed about one
or more microelectrodes, or conductive fibers 210. The con-
ductive fibers 210, which are thin wires or filaments, extend
from the neural probe’s proximal end 250 to its distal end 240
and may be fused together with the inner layer 220 and outer
layer 230 during the drawing process.

[0060] The outer layer 230 may be at least partially etched
or removed to form a tip 242 at the neural probe’s distal end
240. For example, a portion of the outer layer 230 may be
removed as described below to reduce the tip’s outer diameter
to about 500 um or less (e.g., 252 um, 125 pm, 100 um, 75 um,
50 um, 25 pm, or smaller), Because the tip 242 is relatively
small, it can be inserted relatively deeply into neural tissue
(e.g., the brain) without unduly or excessively damaging the
tissue during insertion or after implantation.

[0061] Inoperation,the conductive fibers 210 conduct elec-
trical signals between the neural tissue and the neural probe’s
proximal end 250. As shown in FIG. 2, each conductive fiber
210 extends from the neural probe’s proximal end 250 to its
tip 242. In alternative embodiments, one or more of the con-
ductive fibers 210 may be etched or trimmed back from the
neural probe’s tip 242, e.g., to be flush with the tip 242 or to
create a recess in the tip 242. Exemplary conductive fibers
210 may have diameters of about 1 pm (about the size of a
neuron) to about 20 um (e.g., 5 um, 10 um, or 15 um).
[0062] Each conductive fiber 210 may have an impedance
chosen for the application at hand. For example, conductive
fibers 210 with an impedance of less than about 150 kQ can be
used to measure the local field potential, whereas conductive
fibers 210 with an impedance of about 150 k€2 to about 10
MQ (e.g., 3 MQ or 5 MQ) can be used to measure the unit
potential, which represents the electrical activity of a single
cell. As understood by those of skill in the art, the conductive
fibers 210 made of metal (e.g., tin, tin-indium, tin-silver,
tin-gold, tin-zinc, gold, silver, platinum, iridium, or tungsten)
have an impedance that varies with diameter: in general,
increasing the fiber diameter decreases the impedance for
given length. Polymer-based conductive fibers 210 (e.g.,
fibers made of conductive (carbon-loaded) polyethylene,
conductive polycarbonate, or conductive polyurethane) have
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an impedance that varies with size and composition: increas-
ing the fiber diameter or the carbon loading decreases the
impedance for given length.

[0063] The neural probe’s proximal end 250 includes an
electrical connector 252 that is coupled to the conductive
fibers 210 via an electrode interface board 254. The electrical
connector 252 can be or include any suitable type of connec-
tor, including one or more pin connectors, ZIF connectors,
and/or Omnetics connectors. The electrical interface board
254 nay be a circuit (e.g., on a printed circuit board) with pads
to which the microelectrodes are bonded.

[0064] The electrical connector 252 includes one or more
pins that can be electrically coupled to an oscilloscope, spec-
trum analyzer, or other electronic measurement device that
measures electrical signals conducted by the conductive fiber
(s) 210 from the neural tissue. These signals may be recorded
for later analysis (e.g., for fundamental research), analyzed in
real-time (e.g., for operation of a brain-machine interface), or
both. The connector 252 may also include one or more con-
nections for a electronic signal generator, such as an arbitrary
waveform generator, that produces signals suitable for stimu-
lating one or more neurons in the neural tissue.

[0065] The neural probe 200 may also include an optical
waveguide 212 and lumen 214 that each extend between the
distal end 240 and the proximal end 250. The optical
waveguide 212 may be formed of a glass or polymer optical
fiber or other waveguide that supports propagation of one or
more transverse modes at wavelengths in the ultraviolet, vis-
ible, and/or infrared portions of the electromagnetic spec-
trum. Similarly, the lumen 214 may be a channel defined by
one or more hollow tubes made of polymer or other flexible,
biocompatible material.

[0066] At the proximal end 250, the optical waveguide 212
and the lumen 214 terminate in an optical/fluidic coupler 256
with optical and fluid connections (not shown). The optical
connections may be compatible with standard fiber-optic
connectors, such as FC-PC, FC-APC, or FC-UPC connectors,
for fiber-coupled light sources (e.g., lasers, light-emitting
diodes, or lamps) and fiber-coupled detectors. Alternatively,
or in addition, the optical/fluidic coupler 256 may also
include integrated optical components, such as diode light
sources and detectors, that receive or transmit light via the
optical waveguide 212.

[0067] FIGS. 2A and 2B also show a drive 260 that extends
circumferentially about the neural probe’s proximal end 250.
The drive 260 allows the implanted neural probe 200 to be
lowered or raised as desired. In one example, the drive 260
raises and lowers the neural probe 200 by rotating a thumb-
screw attached to a plastic housing that s fixed on the subject.
Rotating the thumbscrew moves a vented screw, to which the
neural probe 200 is attached, up or down. For a more detailed
description of an example drive, please see P. Anikeeva et al.,
“Optetrode: a multichannel readout for optogenetic control in
freely moving mice,” Nature Neuroscience 15, 163-170
(2012), which is hereby incorporated herein by reference.
[0068] FIGS. 3A-3C show side (left) and end (right) views
of'additional neural probe configurations suitable for use with
the neural stimulation/recording system 100 shown in FIG. 1.
The neural probe 301 shown in FIG. 3A includes several
conductive fibers 310, each of which is disposed within a
respective inner layer 320 of biocompatible insulating mate-
rial. Although FIG. 3A shows four conductive fibers 310
arranged in a square lattice, those of ordinary skill in the art
will readily appreciate that other numbers and geometries of
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conductive fibers 310 are also possible. For instance, the
coated conductive fibers 310 could be disposed in a triangular
or hexagonal lattice; along the perimeter of a circle or poly-
gon; in a sparse or random array; or in any other suitable
arrangement.

[0069] The neural probe 301 also includes an outer layer
330 of biocompatible insulating material, such as poly(ether-
imide) or another suitable polymer, disposed about the inner
layers 320. The inner layers 320 and outer layer 330 may be
fused together during the drawing process, with a portion of
the outer layer 320 is selectively etched away to expose a tip
341 with a diameter d at one end of the neural probe 301. The
inner layers 320 may also be partially etched away to expose
the conductive fibers 310. As shown in FIG. 3A, the tip’s
maximum diameter d depends on both the outer radius of the
inner layers 320 and the geometry of the fiber arrangement.

[0070] FIG. 3B shows a neural probe 302 that includes an
optical fiber 312 and a hollow lumen 314 in addition to
conductive fibers 310. Like the conductive fibers 310, the
optical fiber 312 and the conductive lumen 314 are each
disposed within a respective inner layer 320 of insulating
material, such as a flexible, biocompatible polymer. The opti-
cal fiber 312 transmits light between the proximal and distal
ends of the neural probe 302, e.g., for optogenetic stimulation
or sensing. The lumen 314 conveys fluid between the ends of
the neural probe 302. For instance, the lumen 314 may convey
a drug to the neural tissue. It may also be used to suction fluid
from the neural tissue.

[0071] The neural probes also includes an optional inter-
mediate layer 332, which is disposed between the inner layers
320 and the outer layer 330. The intermediate layer 332 and
outer layer 330 may be etched to form a tip 342 with protrud-
ing inner layers 320. If desired, the inner layers 320 may be
etched away as well to expose the conductive fibers 310. They
may also be cleaved or polished flat, e.g., to protect the optical
fiber 312, which might otherwise bend or break within the
neural tissue. Alternatively, the optical fiber’s tip may be
exposed and polished or shaped (e.g., in the shape of a hemi-
sphere) to enhance illumination of the neural tissue.

[0072] Although FIG. 3B shows two conductive fibers 310
arranged in a square lattice with the optical fiber 312 and the
lumen 314, those of skill in the art will readily appreciate that
other configurations are also possible. For instance, a neural
probe may include conductive fibers and an optical fiber (but
no lumen) or conductive fibers and a lumen (but no optical
fiber). Similarly, a neural probe may include different num-
bers or arrangements of conductive fibers, optical fibers, and
lumens. In another instance, the conductive fibers may be
arranged concentrically about the optical fiber and/or the
lumen, e.g., to facilitate recording of optically or chemically
stimulated neural activity.

[0073] FIG. 3C shows a neural probe 303 with conductive
fibers 313 whose cross sections are hexagonal. Each hexago-
nal conductive fiber 313 is disposed within a respective hex-
agonal inner layer 320 and arranged in a hexagonal lattice.
The inner layers 320 are partially covered by an outer layer
333 that extends to within a few millimeters of the neural
probe’s tip 343.

[0074] FIG. 3D illustrates a neural probe 304 with conduc-
tive fibers 310 arranged in a pair of concentric circles coaxial
with the neural probe’s longitudinal axis. The inner circle
rings a hollow core (lumen) 314 that extends along the neural
probe’s longitudinal axis for drug delivery, fluid removal, etc.

Dec. 18,2014

A tubular optical waveguide 312 extends radially between the
inner circle and the outer circle

[0075] Those of skill in the art will also readily appreciate
that a neural probe may have any suitable number of inner and
outer layers, and that each of these layers may have a different
cross section and be made of a different material. The con-
ductive fibers may also be made of different materials and
have different diameters, cross sections, and impedances. In
addition, different conductive fibers may be coated by difter-
ent types of insulating layers.

[0076] FIGS. 4A and 4B show a neural probe 400 with a
biocompatible, water-soluble adhesive 444, such as sucrose,
sugar, polyethylene glycol (PEG), silk fibroin, or a polymer-
ized tyrosine derivative, applied to a tip 442 at the neural
probe’s distal end 440. Like the neural probes described
above, the neural probe 400 includes several conductive fibers
410, each of which is coated with at least one respective inner
layer 420 of insulating material. One or more outer layers 430
of insulating material surround the inner layers 420. These
outer layers 430 are peeled, etched, or stripped away to
expose the tip 442, which is inserted into the targeted neural
tissue.

[0077] Before insertion, the water-soluble adhesive 444
bonds the outer surfaces of the inner layers 420 together to
form a tight bundle of insulator-coated conductive fibers 410
atthe neural probe’s tip 442 as shown in FIG. 4A. Because the
conductive fibers 410 are bundled together so tightly, the tip
442 has a smaller profile, which reduces the trauma caused by
inserting the tip 442 into the targeted neural tissue. Once the
tip 442 has been positioned as desired in the neural tissue, the
water-soluble adhesive 444 dissolves, allowing the conduc-
tive fibers 410 to move with respect to each other. In some
cases, the conductive fibers 410 and/or the inner insulating
layers 420 may chosen or constructed to have hysteresis that
causes the conductive fibers 410 to splay apart from each
other as shown in FIG. 4B. In other cases, the conductive
fibers 410 may not be biased towards or away from each
other; instead, they may settle or move into positions dictated
by the geometry and stiffness of the surrounding tissue.

[0078] Thermal Drawing Processes for Making Flexible
Neural Probes
[0079] An inventive neural probe can be made using a ther-

mal drawing process (TDP) inspired by fabrication tech-
niques for optical fibers. In thermal drawing, a macroscale
composite template, also called a pre-form, is fabricated
using low-end mechanical processing, then heated and drawn
into a fiber with a microscale features. Drawing scales the
pre-form’s radial dimensions by a reduction factor of 10, 100,
1000, 10000, or more. If desired, the pre-form can be drawn
multiple times, allowing the creation of structures on the
nanometer scale without the need for high resolution fabrica-
tion technology. At the same time, drawing stretches the
structure’s the length by a factor of 100, yielding a structure
that can be hundreds of meters long with a cross section that
mimics the cross section of the macroscopic pre-form.
Because the neural probe’s cross section is a scaled version of
the pre-form’s cross section, the number, density, and
arrangement of the electrodes in the neural probe may be
determined by constructing the pre-form appropriately.

[0080] Thermal drawing faithfully reproduces the cross-
sectional geometry of the macroscopic preform, so it enables
the creation of sophisticated multifunctional structures on the
microscale without microscale fabrication techniques. Ther-
mal drawing also makes it possible to combine materials with
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widely varying optical and electrical properties. For example,
a single thermally drawn device may include waveguide core
and cladding materials, conductive polymer composites, and
low-melting temperature metal microwires. As explained
above, a neural probe with an optical waveguide and micron-
scale electrodes can be used for optogenetic and pharmaco-
logical cell identification with long-term electrophysiologi-
cal recording of the brain during learning and plasticity.

[0081] In general, any template made of polymer compos-
ites can be thermally drawn, as long as the glass transition
temperatures of the template’s materials are within 10% of
each other. In addition, the material in the template’s outer-
most layer should have a glass transition temperature that is
equal to or higher than that of the composite’s other materials.
Suitable insulating materials include, but are not limited to
polymers such as polycarbonate (PC, T,,~140-145°),
polysulfone (PSU, T, ~185°), cyclic olefin copolymer (COC,
T,/~150°), poly(etherimide) (PEI, T,,~235°), and polyphe-
nylsulfone (PPSU).

[0082] In some cases, at least outer layer is formed of a
polymer that can be readily etched or dissolved in a given
solvent, and at least one inner layer is formed of a polymer,
glass, or other material that is not as readily etchable or
dissolved in the given solvent. For instance, suitable material
outer layer/inner layer combinations include, but are not lim-
ited to PC/COC, COC/PC, PPSU/PEI, PEI/PSU, PPSU/PSU,
PSU/PC, and PSU/COC. These pairs of materials have com-
parable glass transition temperatures, which means that ther-
mal behavior does not dictate which polymer is used as the
inner layer or the outer layer. COC is more chemically resis-
tant than PC in certain solvents, so PC can be used as the outer
layer when etched with these solvents. On the other hand,
dichloromethane dissolves PC quickly, but interacts much
more slowly (if at all) with COC, which means that COC can
be used as an inner layer and PC can be used as an outer layer
when etching with dichloromethane. Similarly, PEI is more
chemically resistant than PPSU: tetrahydrofuran (THF) dis-
solves PPSU, but tends not to interact with PEI over the time
it takes to dissolve PPSU.

[0083] The conductive material’s properties also affect the
neural probe’s construction. In general, the conductive mate-
rial(s) and the insulating materials should have similar melt-
ing temperatures. Suitable conductive materials include, but
are not limited to metals, alloys, and conductive polymers,
such as tin (T,,/~232°), silver (T,,=962°), indium (T, ,~=157°),
gold, platinum, iridium, tungsten, tin-indium, tin-silver, tin-
gold, tin-zinc, carbon-loaded polycarbonate (CPC,
T,~230°), polyethylene (CPE, T, ~140°), and polyurethane
(CPU, T,~200°).

[0084] Ingeneral, the materials for the insulating layers are
chosen to have different solubilities or etching properties so
that they can be removed selectively from the distal end of the
neural probe to form the tip. For instance, the inner layer may
be polyurethane (PU), and the outer layer may be COC. PU is
commonly used for encapsulation of implantable devices due
to its extreme stability in physiological fluids. In addition, PU
has low solubility in common organic solvents, whereas COC
has relatively high solubility in several common organic sol-
vents, which implies that organic solvents can be used to etch
COC layer without removing PU. In fact, experiments indi-
cate that PU remains stable over at least about 24 hours upon
exposure to acetone, hexane, chloroform, and dichlo-
romethane, all which can be used to etch COC.
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[0085] FIGS. 5A-5C illustrate a process of making a mac-
roscopic template suitable for being thermally drawn into a
neural probe with multiple metallic electrodes (conductive
fibers). The process starts with application of a first (inner)
layer of insulating material 520, such as an insulating poly-
mer, to a template of conductive material 510 to form a first
pre-form 501 (FIG. 5B). For example, FIG. 5A shows how to
make the first pre-form 501 by rolling one or more polymer
sheets 520 around a conductive cylindrical rod 510. (Other
rod shapes are also possible—e.g., squares, ellipses, stars,
etc.) One or more first pre-forms 501 can be disposed inside
a second (outer) layer of conductive material 530 as shown in
FIG. 5C to form a second pre-form 502 suitable for thermal
drawings. As explained in greater detail below, the first pre-
form 501 may be drawn and sectioned, then covered with the
second layer of conductive material 530.

[0086] Alternatively, the first pre-form can be formed by
machining a through hole or blind hole (e.g., with a diameter
of'about 0.25 inches to about 1.0 inches and a depth of about
3 inches to about 4 inches) in a solid polymer cylinder (e.g.,
with a length of about 5 inches to about 6 inches and a
diameter of about 1 inch to about 2 inches). If the hole is a
through hole, it may be sealed (e.g., using high temperature
resistant epoxy) to prevent the metal from just falling off the
preform. Suitable care should be taken when drawing a pre-
form sealed with epoxy to prevent the fiber from breaking, to
avoid drawing the epoxy, and to avoid forming a metal sphere
at the beginning of the draw. A conductive rod (e.g., a con-
ductive polymer or conductive oxide) is inserted into the hole
to form a first pre-form, which is annealed (e.g., in low
vacuum (<25 Torr) at a temperature of about 140° C. to about
250° C.) to eliminate air pockets that might otherwise form
defects in the neural probe. The ratio of the diameters of the
polymer cylinder and the conductive rod determines the ratio
of the spacing between the electrodes to the electrode size in
the neural probe.

[0087] Other methods of forming the first and/or second
pre-form include, but are not limited to: dip-coating the con-
ductive material or the first pre-form in insulating material;
spraying insulating material onto the conductive rod or the
first pre-form; sputtering insulating material onto the conduc-
tive rod or the first pre-form; depositing insulating material
onto the conductive rod or the first pre-form; and painting
insulating material onto the conductive rod or the first pre-
form.

[0088] A hollow channel can be incorporated into the pre-
from by using a mandrel during the fabrication of the polymer
cladding template. The mandrel is removed before drawing
the template, resulting in a hole. In some cases, the lumen
diameter may be as small as 20 um and wall thickness tunable
from tens to hundreds of microns, e.g., for confining indi-
vidual neurons within the lumen as described below. Flowing
pressurized inert gas (e.g., nitrogen gas) through the lumen
during drawing prevents the lumen from collapsing during
the drawing.

[0089] Likewise, an optical waveguide can be incorporated
by using a different polymer (with a higher refractive index
than the cladding and low absorption in the spectral region of
interest) instead of a mandrel as explained in greater detail
below. To ensure proper thermal drawing, the waveguide
material should have glass transition and melting tempera-
tures similar to those of the other materials in the pre-form.
[0090] Once the pre-form is complete, it is loaded into a
drawing tower 600, where it is suspended vertically and



US 2014/0371564 Al

attached to a capstan 620 as shownin FIG. 6. A heating mantle
610 in the drawing tower 600 applies a heat gradient (e.g., of
about 300° C. to about 350° C.) uniformly around the circum-
ference about one inch above the pre-form’s lower end. The
heating mantle 610 heats the pre-form to a first temperature
that is higher (e.g., 30% to 80% higher) than both the pre-
form’s melting temperature and its glass transition tempera-
ture. Once the pre-form starts to flow, the pre-form tempera-
ture is decreased to second temperature that is lower than the
first temperature (e.g., 5% to 30% higher than the higher of
the pre-form’s melting temperature and its glass transition
temperature). The capstan 620 pulls the flowing pre-form at a
speed of about 1 m/min and winds the drawn pre-form onto a
spool at predetermined drawdown ratio set by. The resulting
structure has a diameter of tens to hundreds of microns with a
cross section that resembles the cross section of the pre-from.
The heating mantle’s temperature, feed speed, and tensile
stress (which may be about 150 g/mm? to about 1.5 kg/mm?)
applied by the capstan 620 to the flowing pre-form affect the
exact diameter of the resulting structure and can be set or
varied as desired. If desired, the drawn pre-form can be drawn
again to further reduce the device diameter.

[0091] FIGS. 7A-7H illustrate a two-draw process for cre-
ating a neural probe. The process begins with covering a
conductive material, such as a metal rod, with a polymer
cladding (e.g., thin polymer sheets, pre-cut rods, or slabs) and
annealing the resulting macroscopic composite template
under pressure or vacuum to form the first pre-form shown in
FIG. 7A. The first pre-form is then thermally drawn (F1G. 7B)
a first time to form a conductive fiber coated with an insulat-
ing layer at a desired diameter (FIG. 7C). The resulting fiber
is cut into section, which are arranged in an array (e.g., a
hexagonal or square array) and covered with another layer of
polymer to form a second pre-form (FIG. 7D). The second
pre-form may be annealed at a temperature about 1° C. to
about 5° C. lower than the melting point of the outermost
polymer layer before being drawn to a desired size (e.g., tens
to hundreds of microns) as shown in FIG. 7E.

[0092]

[0093] Once the final thermal drawing step is done, the tip
of the drawn structure is etched selectively to remove the
outermost layer(s) of insulating material, exposing the elec-
trodes. Etching exposes the electrodes for interactions with
neurons. If desired, selected inner layer(s) can be etched as
well. Suitable etching techniques include, but are not limited
to photolithography, wet etching, plasma etching, and ion
milling.

[0094] For example, the tip can be formed by coarse wet
etching followed by finer oxygen plasma etching. In some
examples, wet etching can also be accomplished by dipping
the neural probe’s distal end into a solvent, such as acetone,
methanol, and hydrochloric acid, that dissolves different
materials at different rates. Other suitable polymer solvents
include THF, dimethyl sulfoxide (DMSO), chloroform,
dichloromethane, hexane, benzene, and toluene; glass sol-
vents include HF and agua reggia. For example, FIG. 8Ais a
plot of etching distance versus time for PEI in a 4:3 volumet-
ric mixture of CHCl;/MeOH, which does not etch tin. It
shows that the etching rate for PEI is roughly 7 pm/min. And
FIG. 8B is a plot of etching distance versus time for tin in 10
M HC, which does not etch PEI or other polymers. It shows
the etching rate for tin in HCI is about 0.5 pm/min. Thus,
CHCI;/MeOH can be used to etch a PEI insulating layer

Etching Neural Probe Tips
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without etching tin electrodes, and HCI can be used to etch tin
electrodes without an etching insulating layer made of PEI or
any other polymer.

[0095] Oxygen plasma etching affects only organic matter
ataratethat depends on the polymer’s degree of cross-linking
and the molecular weight. For example, the oxygen plasma
etching rate may be about 0.8 um/hr+0.1 pm/hr, which is slow
enough for very fine etching. Because oxygen plasma etching
is so selective and relatively slow, it can be used to polish
polymer-polymer interfaces as well as polymer-metal inter-
faces.

[0096] FIG. 9 is a photograph of a tip of an exemplary
neural probe after completion of the etching process. It shows
cylindrical electrodes extending from the surface of a poly-
mer layer, which has been partially removed, e.g., by wet
etching. (The three-pronged, star-shaped protrusions are
residual polymer from the walls of the gaps.) The electrodes
can be as small as 2-3 pm in diameter with a size and pitch that
can be controlled within £0.6 pm and =3 um by appropriate
construction and drawing of the pre-form. At sizes of under
about 5 um, the electrodes may be smaller than the targeted
neurons, enabling measurements with high spatial resolution.

[0097] Ifdesired, the portions of the electrodes (conductive
fibers) exposed by etching can be plated or coated to eliminate
direct contact between the conductive material (e.g., tin or tin
alloy) and the targeted neural tissue. Plating the electrodes
(e.g., with gold) may lower their electrode impedance (e.g.,
from about 4-10 M2 to about 150 k€2 to about 1 MQ). It may
also creates a physiologically favorable interface for long-
term stability within the tissue. Suitable plating techniques
include direct electroplating of a thin gold layer on the surface
of the electrodes and down-etching of the electrodes and
electrochemically defining gold electrode tips. Alternatively,
the electrodes can be coated with gold (or other material) by
etching the electrodes into the polymer cladding to form
trenches and then filling these trenches with gold via electro-
plating.

[0098] The proximal end of the neural probe may also be
etched or processed for connection to an electrical interface
(e.g., the electrode interface board 254 shown in FIGS.
2A-2B). For instance, the conductive fibers can be bonded
directly to an electrode interface board compatible with a
multi-channel neural recording system (e.g., a Tucker Davis
Technologies Inc., 32-channel recording system with ZIF
headstages). As thermal drawing yields a neural probe that is
tens to hundreds of meters long with a highly reproducible
cross section, neural probe cross-sectional scanning electron
microscope (SEM) images can be used to design a contact
mask matched to the specific FINP geometry. The mask is
used to lithographically define a pattern of electrodes estab-
lishing connections between the conductive fibers and the
electrode interface board. The conductive fibers are matched
to the electrode interface board using mask-alignment proce-
dures like those used in silicon wafer processing. The elec-
trode interface board is heated using a computer-controlled
electrical heating pad to just below the melting point of the
electrodes (e.g., about 140° C. for indium). Indium and tin
have a eutectic point at 120° C., and consequently upon
contact the interface between tin-rich neural probe electrodes
melt and are bonded upon cooling akin to conventional sol-
dering. To reduce the possibility of polymer encapsulation
during bonding, the electrodes can be exposed during plasma
etching.
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[0099] Making Flexible Neural Probes with Optical
Waveguides
[0100] Thermal drawing can also be used to make neural

probes with integrated optical waveguides and/or lumens.
Generally speaking, the optical waveguide materials should
be transparent at the desired transmission wavelength. For
instance, for optogenetic applications, such as channel-
rhodopsin 2 (ChR2) facilitated neuronal activation, the
waveguide core should have high transmission at a wave-
length of 473 nm—the peak wavelength of the ChR2 absorp-
tion. The waveguide core should also have a refractive index
of the core is greater than that of the waveguide cladding.
[0101] In addition, the waveguide materials should glass
transition temperatures commensurate with those of the insu-
lating and conductive materials in the neural probe. While
majority of polymer waveguides are based on poly(methyl
methacrylate) (PMMA, refractive index n=1.49), PMMA has
a relatively low glass transition temperature of 105° C. Poly-
carbonate (PC, n=1.59) and cyclic olefin copolymer (COC,
n=1.52) have refractive indices (and melting temperatures)
that make them suitable for use as core and cladding, respec-
tively. The high index contrast between a PC core and a COC
cladding results in a numerical aperture NA=0.47. This cor-
responds to a coupling angle of about 56°, which is compa-
rable or higher than that for commercially available multi-
mode silica fibers (NA=0.22-0.37). Calculations also indicate
that PC/COC waveguides should, in principle, maintain mul-
timode transmission at core diameters of less than about 10
pm.

[0102] In addition to its high refractive index and compat-
ibility with thermal drawing, PC is highly transparent at 473
nm (e.g., loss of <1 dB/cm). This implies that in order to
achieve light power densities of about 1-10 mW/mm?, which
is commonly cited as sufficient for ChR2-facilitated neural
excitation, the optical input power should be about 50 mW for
a neural probe length of 1-2 cm. Optical input powers of 50
mW are readily achievable with diode pumped solid state
laser systems and other light sources.

[0103] Neural Probes with Trapped Biological Cells
[0104] A neural probe may also include one or more bio-
logical cells, such as neuron cells, renal cells, glial cells, or
muscle cells, that are disposed at or near its tip. For instance,
the cell may be disposed on an electrode, inside a lumen that
extends along the length of the neural probe, or at least par-
tially within a blind hole etched into the tip at the end of an
optical waveguide. In some cases, the neuron is within about
500 um from the neural probe’s distal end. The cell can be
stimulated electrically by the electrode, with a drug delivered
through the lumen, or optically using light guided by the
waveguide to interact with the neural tissue. The parallel
optical and electrical channels enable simultaneous optical
and electrophysiological characterization of individual grow-
ing neurons.

[0105] For instance, optogenetic manipulation can be used
to activate one or more light-sensitive neurons disposed at or
near the tip of a neural probe. The light sensitivity of the
trapped neurons and the neural probe’s ability to guide visible
light makes it possible to evoke action potentials from trapped
neurons with millisecond precision. As a result, the trapped
neurons may be used as relay devices for manipulation of
neural activity outside the probe, e.g., via relayed optical
excitation or inhibition of genetically-intact neural networks.
The trapped neurons may also establish synaptic connections
with neurons outside the neural probe. If these connections
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are formed in damaged neural tissue, the optically sensitive
relay neurons may act as growth and development centers
within the damaged neural network.

[0106] Advantages of using neural probes to host trapped
cells compared to traditional, unconstrained tissue culture
and flat, silicone elastomer-based microfluidic devices
include, but are not limited to: (1) the ability to explore each
of the proposed methods for axonal guidance or combine
multiple approaches (e.g. optical and electrical) within the
same experiment, while simultaneously providing electro-
physiological data and optical images; (2) the possibility of
relocating and implanting the neural probe; (3) the possibility
of using materials with different mechanical and surface
charge properties; and (4) the straightforward integration of
an optical waveguide with the electrical and fluid connec-
tions. These advantages may enable development of medical
devices to control and guide new neuronal growth and repair
damaged neural circuits.

[0107] FIGS. 10A-10D illustrates trapping and genetic
modification of a neuron 10 trapped within a neural probe
1000, which is used first to synaptically connect the neuron 10
to targeted neural tissue and then to characterize the targeted
neural tissue. First, the neuron 10 is trapped within a lumen in
the neural probe 1000 (optoelectronic scaffold) using suction,
capillary action, electrostatic attraction, or any other suitable
technique. Once inside the lumen, the neuron 10 is virally
transfected with Channelrhodopsin-2 (ChR2)14 as shown in
FIG. 10A. Channelrhodopsin-2 (ChR?2) is a retinal binding,
light-activated sodium and calcium ion channel—enables
sensitivity of neurons to blue light (A=473 nm), allowing for
excitation of action potentials on demand with light pulses
about 0.5-5.0 ms wide at frequencies up to about 50 Hz.
Stimulating the transfected neuron 10 with a pulse of blue
light 14, as shown in FIG. 10B, causes the neuron 10 to spike.
An indigenous neuron 16 establishes a synaptic connection to
the trapped neuron 10 in response to the trapped neuron’s
activity as shown in FIG. 10C. Once the synaptic connection
is formed, the neural probe 1000 can be used to trigger the
indigenous neuron 16 via optogenetic stimulation of the
trapped neuron as shown in FIG. 10D. If desired, this signal-
ing may be used as a part of a brain-machine interface that
compensates for or repairs damage to neural tissue.

[0108] Inorder to enable ChR2 expression in trapped neu-
rons, the DNA for ChR2 fused to a fluorescent protein (FP)
mCherry or enhanced yellow fluorescent protein (EYFP) is
delivered to the neurons via a viral vector. Suitable viral
vectors include the herpes simplex virus vector (HSV) and a
general cytomegalovirus (CMV) promoter, which yields
strong expression in mammalian cells including neurons.
Other viral vectors include the Lenti virus and adeno associ-
ated viruses (AAVs) as they exhibit low toxicity in multi-
week/months optogenetic experiments. The glia population
within the neural probe can be controlled using glial inhibi-
tion during culture preparation or by employing human syn-
apsin (hSyn) or calmodulin-dependent kinase 2 alpha
(CaMKlIla) promoters to ensure specific targeting to the
trapped neurons.

[0109] Alternatively, the neuron may be obtained from a
transgenic Thyl-COP4/EYFP (Thyl:ChR2) mouse, which
expresses ChR2-EYFP fusion in most parts of central and
peripheral nervous systems (including hippocampus). A
trapped neuron from a transgenic mouse is sensitive to the
blue light even prior to seeding within the neural probe.
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[0110] Trapping Cells at or Near the Neural Probe’s Tip

[0111] A biological cell, such as a neuron, can be disposed
at the neural probe’s tip using any suitable technique. For
instance, the cells can be suspended in a solution, which is
deposited in droplets (e.g., of about 100 pl) at the tip. The
solution is sucked into the lumen by applying modest suction
through a 1 ml syringe. Alternatively, the solution may wick
into the lumen via capillary action. Opposite electric or mag-
netic charges can be applied to the lumen and the cells, which
then become electromagnetically attracted to each other.

[0112] The insulating material’s electrostatic and chemical
properties may also affect the neural probe’s ability to hold
the neuron. For example, preliminary data suggests that neu-
rons may be more viable and developed within PEI scaffolds
than within PC scaffolds. This observation is consistent with
the past reports and other data demonstrating viable tissue
cultures on positively charged PEI, which has a surface that
promotes cell adhesion and growth. The lumen’s size and
cross-sectional shape may also influence the neuronal viabil-
ity and growth.

[0113] Fluids may also be used to control the neuron’s
axonal growth. For instance, shear flow may guide the devel-
oping axons along the core of the neural probes. Chemicals,
such as nerve growth factors, can also be perfused through the
lumens that contain neurons at a controlled rate, temperature,
and CO, concentration to influence axonal growth. The neu-
ral probe’s electrodes and waveguides can be used to collect
electrophysiological data and optical measurements of the
neuronal growth and activity.

Exemplification

[0114] FIGS. 11A-11H are plots of representing optoge-
netically stimulated single-unit activity in the medial prefron-
tal cortex (mPFC) of anesthetized mice recorded using an
exemplary neural probe. More specifically, the neural probe
recorded neural activity during optical stimulation with 473
nm laser light in mPFC of transgenic Thyl-ChR2-YFP mice
expressing ChR2 across the entire nervous system. FIGS.
11A and 11B are electrophysiological traces that confirm the
neural probe’s ability to record well-isolated action poten-
tials. FIGS. 5C-5H are plots of recordings at intermediate (20
Hz, FIGS. 5C-5E) and high (100 Hz, FIGS. 5F-5H) stimula-
tion frequencies that show the neural probe is not susceptible
to optical artifacts. They show neural activity precisely fol-
lowing the 20 Hz stimulation but not the 100 Hz stimulation,
which is consistent with ChR2 dynamics and previous record-
ings obtained with conventional tetrode probes. The observed
initial excitation followed by decline of neural activity during
100 Hz stimulation agrees with previous experiments, which
demonstrated the ChR2-facilitated silencing in broad neu-
ronal populations during high-frequency optical stimulation.

[0115] FIGS. 12A-12E illustrate the function of a PC/COC
waveguide (shown in FIG. 12B) in a neural probe. FIG. 12A
shows transmitted intensity versus waveguide length at a
wavelength of about 473 nm; the loss is about 1.35 dB/cm.
FIG. 12C is a plot of action potentials (spikes) evoked by 20
trials of optical stimulation at 20 Hz in an anesthetized Thy1-
ChR2-YFP mouse. FIG. 12D shows the evoked firing rate
averaged across the 20 trials represented in FIG. 12C. FIG.
12K is a plot of spikes evoked by optical stimulation at 50 Hz
in 20 trials in the same mouse using the same neural probe.
FIG. 12F shows the evoked firing rate averaged across the 20
trials represented in FIG. 12E.
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CONCLUSION

[0116] While various inventive embodiments have been
described and illustrated herein, those of ordinary skill in the
art will readily envision a variety of other means and/or struc-
tures for performing the function and/or obtaining the results
and/or one or more of the advantages described herein, and
each of such variations and/or modifications is deemed to be
within the scope of the inventive embodiments described
herein. More generally, those skilled in the art will readily
appreciate that all parameters, dimensions, materials, and
configurations described herein are meant to be exemplary
and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or
applications for which the inventive teachings is/are used.
Those skilled in the art will recognize, or be able to ascertain
using no more than routine experimentation, many equiva-
lents to the specific inventive embodiments described herein.
It is, therefore, to be understood that the foregoing embodi-
ments are presented by way of example only and that, within
the scope of the appended claims and equivalents thereto,
inventive embodiments may be practiced otherwise than as
specifically described and claimed. Inventive embodiments
of the present disclosure are directed to each individual fea-
ture, system, article, material, kit, and/or method described
herein. In addition, any combination of two or more such
features, systems, articles, materials, kits, and/or methods, if
such features, systems, articles, materials, kits, and/or meth-
ods are not mutually inconsistent, is included within the
inventive scope of the present disclosure.

[0117] The above-described embodiments can be imple-
mented in any of numerous ways. For example, embodiments
of designing and making the coupling structures and diffrac-
tive optical elements disclosed herein may be implemented
using hardware, software or a combination thereof. When
implemented in software, the software code can be executed
on any suitable processor or collection of processors, whether
provided in a single computer or distributed among multiple
computers.

[0118] Further, it should be appreciated that a computer
may be embodied in any of a number of forms, such as a
rack-mounted computer, a desktop computer, a laptop com-
puter, or a tablet computer. Additionally, a computer may be
embedded in a device not generally regarded as a computer
but with suitable processing capabilities, including a Personal
Digital Assistant (PDA), a smart phone or any other suitable
portable or fixed electronic device.

[0119] Also, a computer may have one or more input and
output devices. These devices can be used, among other
things, to present a user interface. Examples of output devices
that can be used to provide a user interface include printers or
display screens for visual presentation of output and speakers
or other sound generating devices for audible presentation of
output. Examples of input devices that can be used for a user
interface include keyboards, and pointing devices, such as
mice, touch pads, and digitizing tablets. As another example,
a computer may receive input information through speech
recognition or in other audible format.

[0120] Such computers may be interconnected by one or
more networks in any suitable form, including a local area
network or a wide area network, such as an enterprise net-
work, and intelligent network (IN) or the Internet. Such net-
works may be based on any suitable technology and may
operate according to any suitable protocol and may include
wireless networks, wired networks or fiber optic networks.
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[0121] The various methods or processes (e.g., of designing
and making the coupling structures and diffractive optical
elements disclosed above) outlined herein may be coded as
software that is executable on one or more processors that
employ any one of a variety of operating systems or plat-
forms. Additionally, such software may be written using any
of'a number of suitable programming languages and/or pro-
gramming or scripting tools, and also may be compiled as
executable machine language code or intermediate code that
is executed on a framework or virtual machine.

[0122] In this respect, various inventive concepts may be
embodied as a computer readable storage medium (or mul-
tiple computer readable storage media) (e.g., a computer
memory, one or more floppy discs, compact discs, optical
discs, magnetic tapes, flash memories, circuit configurations
in Field Programmable Gate Arrays or other semiconductor
devices, or other non-transitory medium or tangible computer
storage medium) encoded with one or more programs that,
when executed on one or more computers or other processors,
perform methods that implement the various embodiments of
the invention discussed above. The computer readable
medium or media can be transportable, such that the program
or programs stored thereon can be loaded onto one or more
different computers or other processors to implement various
aspects of the present invention as discussed above.

[0123] The terms “program” or “software” are used herein
in a generic sense to refer to any type of computer code or set
of computer-executable instructions that can be employed to
program a computer or other processor to implement various
aspects of embodiments as discussed above. Additionally, it
should be appreciated that according to one aspect, one or
more computer programs that when executed perform meth-
ods of the present invention need not reside on a single com-
puter or processor, but may be distributed in a modular fash-
ion amongst a number of different computers or processors to
implement various aspects of the present invention.

[0124] Computer-executable instructions may be in many
forms, such as program modules, executed by one or more
computers or other devices. Generally, program modules
include routines, programs, objects, components, data struc-
tures, etc. that perform particular tasks or implement particu-
lar abstract data types. Typically the functionality of the pro-
gram modules may be combined or distributed as desired in
various embodiments.

[0125] Also, data structures may be stored in computer-
readable media in any suitable form. For simplicity of illus-
tration, data structures may be shown to have fields that are
related through location in the data structure. Such relation-
ships may likewise be achieved by assigning storage for the
fields with locations in a computer-readable medium that
convey relationship between the fields. However, any suitable
mechanism may be used to establish a relationship between
information in fields of a data structure, including through the
use of pointers, tags or other mechanisms that establish rela-
tionship between data elements.

[0126] Also, various inventive concepts may be embodied
as one or more methods, of which an example has been
provided. The acts performed as part of the method may be
ordered in any suitable way. Accordingly, embodiments may
be constructed in which acts are performed in an order dif-
ferent than illustrated, which may include performing some
acts simultaneously, even though shown as sequential acts in
illustrative embodiments.
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[0127] All definitions, as defined and used herein, should
be understood to control over dictionary definitions, defini-
tions in documents incorporated by reference, and/or ordi-
nary meanings of the defined terms.

[0128] Theindefinite articles “a” and “an,” as used herein in
the specification and in the claims, unless clearly indicated to
the contrary, should be understood to mean “at least one.”
[0129] The phrase “and/or,” as used herein in the specifica-
tion and in the claims, should be understood to mean “either
or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present
in other cases. Multiple elements listed with “and/or” should
be construed in the same fashion, i.e., “one or more” of the
elements so conjoined. Other elements may optionally be
present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those ele-
ments specifically identified. Thus, as a non-limiting
example, a reference to “A and/or B”, when used in conjunc-
tion with open-ended language such as “comprising” can
refer, in one embodiment, to A only (optionally including
elements other than B); in another embodiment, to B only
(optionally including elements other than A); in yet another
embodiment, to both A and B (optionally including other
elements); etc.

[0130] Asused herein in the specification and in the claims,
“or” should be understood to have the same meaning as
“and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being
inclusive, i.e., the inclusion of at least one, but also including
more than one, of a number or list of elements, and, option-
ally, additional unlisted items. Only terms clearly indicated to
the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the
inclusion of exactly one element of a number or list of ele-
ments. In general, the term “or” as used herein shall only be
interpreted as indicating exclusive alternatives (i.e. “one or
the other but not both”) when preceded by terms of exclusiv-
ity, such as “either,” “one of,” “only one of,” or “exactly one
of” “Consisting essentially of,” when used in the claims, shall
have its ordinary meaning as used in the field of patent law.
[0131] Asusedherein in the specification and in the claims,
the phrase “at least one,” in reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of
elements, but not necessarily including at least one of each
and every element specifically listed within the list of ele-
ments and not excluding any combinations of elements in the
list of elements. This definition also allows that elements may
optionally be present other than the elements specifically
identified within the list of elements to which the phrase “at
least one” refers, whether related or unrelated to those ele-
ments specifically identified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently “at least one of A and/or B”)
can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to
at least one, optionally including more than one, B, withno A
present (and optionally including elements other than A); in
yet another embodiment, to at least one, optionally including
more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.

[0132] In the claims, as well as in the specification above,
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all transitional phrases such as “comprising,” “including,”
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“carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-
ended, i.e., to mean including but not limited to. Only the
transitional phrases “consisting of” and “consisting essen-
tially of” shall be closed or semi-closed transitional phrases,
respectively, as set forth in the United States Patent Office
Manual of Patent Examining Procedures, Section 2111.03.

What is claimed is:

1. A neural probe comprising:

at least one outer insulating layer;

at least one inner insulating layer, disposed within the at
least one outer insulating layer and projecting out of the
at least one outer insulating layer to form a tip at a distal
end of the neural probe, the tip having an outer diameter
of'less than about 500 pm; and

at least one conductive fiber, disposed within the at least
one inner insulating layer, to conduct at least one elec-
trical signal between a proximal end of the neural probe
and the distal end of the neural probe.

2. The neural probe of claim 1, wherein:

the at least one conductive fiber comprises a plurality of
conductive fibers; and

the at least one inner insulating layer comprises a plurality
of inner insulating layers respectively disposed about a
corresponding conductive fiber of the plurality of con-
ductive fibers.

3. The neural probe of claim 2, further comprising:

a soluble adhesive, disposed on a surface at the tip of the
neural probe, to secure a first conductive fiber of the
plurality of conductive fibers to a second conductive
fiber of the plurality of conductive fibers during insertion
of the neural probe into tissue.

4. The neural probe of claim 1, wherein an impedance of
the at least one conductive fiber at the distal end of the neural
probe is about 150 kQ to about 10 MQ.

5. The neural probe of claim 4, wherein the impedance of
the at least one conductive fiber at the distal end of the neural
probe is about 150 k€2 to about 3 MQ.

6. The neural probe of claim 1, wherein the at least one
conductive fiber comprises at least one of tin, tin-indium,
tin-silver, tin-gold, tin-zinc, gold, silver, platinum, iridium,
tungsten, conductive polyethylene, conductive polycarbon-
ate, and conductive polyurethane.

7. The neural probe of claim 1, wherein at least one of the
at least one inner insulating layer and the at least one outer
insulating layer comprises a polymer.

8. The neural probe of claim 1, wherein the at least one
inner insulating layer has a first solubility and the at least one
outer insulating layer has a second solubility different than
the first solubility.

9. The neural probe of claim 1, wherein the at least one
inner insulating layer has a first molecular weight and the at
least one outer insulating layer has a second molecular weight
different than the first molecular weight.

10. The neural probe of claim 1, further comprising:

at least one optical fiber, disposed within the at least one
outer insulating layer, to guide electromagnetic radia-
tion between the proximal end of the neural probe and
the distal end of the neural probe.

11. The neural probe of claim 1, wherein the neural probe
further defines a hollow lumen, disposed within the at least
one outer insulating layer, to facilitate transport of a fluid
between the proximal end of the neural probe and the distal
end of the neural probe.
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12. The neural probe of claim 1, further comprising:

at least one mammalian cell, disposed on the tip or within
a lumen or cavity defined by the neural probe within
about 500 um of the distal end of the neural probe, to
interact with neural tissue.

13. The neural probe of claim 12, further comprising:

a channel, disposed within the at least one outer insulating
layer, the channel defined by at least one of the at least
one conductive fiber, an optical fiber, and a hollow
lumen, the channel configured to transmit at least one of
stimulation to the at least one mammalian cell and a
physiological response of the at least one mammalian
cell to interaction with the neural tissue.

14. A method of making a neural probe, the method com-

prising:

(A) disposing a first insulating material about an outer
surface of at least one conductive rod so as to form a first
pre-form;

(B) disposing a second insulating material different than
the first insulating material about an outer surface of the
first pre-form so as to form a second pre-form;

(C) drawing the second pre-form so as to form a coated
conductive fiber; and

(D) removing at least a portion of the second insulating
material from a distal end of the coated conductive fiber
so as to form the neural probe.

15. The method of claim 14, wherein (A) comprises at least

one of:

(A1) dip-coating the conductive rod in the first insulating
material;

(A2) wrapping a sheet of the first insulating material
around the conductive rod;

(A3) spraying the first insulating material onto the conduc-
tive rod;

(A4) inserting the conductive rod into a lumen formed by
the first insulating material;

(AS) sputtering the first insulating material onto the con-
ductive rod;

(A6) depositing the first insulating material onto the con-
ductive rod; and

(A7) painting the first insulating material onto the conduc-
tive rod.

16. The method of claim 14, wherein (B) further com-

prises:

(B1) drawing the first pre-form to form a drawn pre-form;

(B2) sectioning the drawn pre-form into a plurality of
segments; and

(B3) disposing the second insulating material about at least
some of the plurality of segments to form the second
pre-form.

17. The method of claim 14, wherein (B) further comprises
disposing the second insulating material about an outer sur-
face of an optical fiber pre-form.

18. The method of claim 14, wherein (B) further comprises
disposing the second insulating material about an outer sur-
face of a structure defining a hollow lumen.

19. The method of claim 14, wherein (C) further com-
prises:

(C1) heating the second pre-form to a first temperature
above a first temperature higher than both a melting
temperature of the second pre-form and a glass transi-
tion temperature of the second pre-form;

(C2) heating the second pre-form to a second temperature
below the first temperature; and
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(C3) drawing the second pre-form at a predetermined

drawdown ratio.

20. The method of claim 19, wherein:

the first temperature is about 30% to about 80% above the

higher of the melting temperature of the second pre-
form and the glass transition temperature of the second
pre-form, and

the second temperature is about 5% to about 30% above the

higher of the melting temperature of the second pre-
form and the glass transition temperature of the second
pre-form.

21. The method of claim 19, wherein (C3) further com-
prises applying a stress of about 150 g/mm? to about 1.5
kg/mm? to the second pre-form.

22. The method of claim 14, wherein (D) further comprises
at least one of:

(D1) dissolving at least a portion of the second insulating

material at the distal end of the neural probe in a solvent;

(D2) etching at least a portion of the second insulating

material at the distal end of the neural probe; and

(D3) stripping at least a portion of the second insulating

material at the distal end of the neural probe based on a
difference in molecular weight between the first insulat-
ing layer and the second insulating layer.

23. The method of claim 14, further comprising at least one
of:

(E) disposing at least one mammalian cell on the tip of the

neural probe; and

(F) disposing at least one mammalian cell in a cavity or

lumen defined by the neural probe within about 500 pm
of the distal end of the neural probe.

24. A method of interfacing with neural tissue, the method
comprising:
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inserting a distal end of a neural probe into the neural
tissue, the neural probe comprising:
at least one outer insulating layer;
at least one inner insulating layer, disposed within the
outer insulating layer and projecting out of the outer
insulating layer to form a tip with an outer diameter of
less than about 500 um at the distal end of the neural
probe; and
at least one conductive fiber, disposed within the at least
one inner insulating layer, to conduct at least one
electrical signal between a proximal end of the neural
probe and the distal end of the neural probe.
25. The method of claim 24, further comprising:
recording at least one electrical signal conducted via the at
least one conductive fiber.
26. The method of claim 24, further comprising:
guiding electromagnetic radiation between the proximal
end of the neural probe and a selected portion of the
neural tissue via an optical fiber disposed within the at
least one outer insulating layer of the neural probe.
27. The method of claim 24, further comprising:
delivering fluid to a selected portion of the neural tissue via
a hollow lumen disposed within the at least one outer
insulating layer of the neural probe.
28. The method of claim 24, further comprising:
removing fluid from a selected portion of the neural tissue
via a hollow lumen disposed within the at least one outer
insulating layer of the neural probe.
29. The method of claim 24, further comprising:
stimulating at least one mammalian cell, disposed on or in
the neural probe within about 500 pm from the distal end
of the neural probe, with at least one of an electromag-
netic signal and a chemical.
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