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BESCRIPTION
ORGANIC SEMICONDUCTOR NANOTUBES FOR ELECTROCHEMICAL
BIOELECTRONICS AND BIOSENSORS WITH TUNABLE DYNAMICS
PRIORITY CLAIM

This application claims benefit of priority to U.S. Provisional Application Serial No.
63/222,915 filed July 16, 2021, the entire contents of which are hereby incorporated by

reference.

BACKGROUND

The invention was made with government support under Grant No. RO1 NS087224
awarded by the National Institute of Health (NIH). The government has certain rights in the

invention.

i. Field
This disclosure relates to the fields of medicine, polymers, nanomaterials, chemistry,
and neurological disorders. In particular, new structures, compositions, methods of treatment,

and methods of synthesis relating to structures of conducting polymers are disclosed.

2, Related Art

fons play a key role in the life of living organisms, particularly for nerve signal
transduction that is essential for contractile cells to produce muscle deformation and/or
motion.[1] Inspired by function of biological muscle, artificial muscles concerning ion
migration into/out of electrodes (e.g., ionic polymer-metal composites) have gained much
attention in biomimetic technologies [2] Soft ionic actuators, also called electrochemical
actuators, generate actuation deformation in response to applied voltage (below 1 V and up to
several volts) by reversible intercalation and deintercalation of ions into/out of an electroactive
layer. Such actuators have been intensively investigated for various applications in soft
robotics, artificial muscles, autofocus lenses, and biomedical devices.{2a, 3] One group of these
actuators is air-working electrochemical actuators that are composed of one semipermeable
ion-conductive electrolyte polymer membrane sandwiched between two electroactive
layers.[4] This type of actuators often utilizes conductive carbon nanomaterials such as carbon

nanotubes,[5] graphene [6] and graphdiyne [7] Recent advances in materials science and
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fabrication techniques have enabled development of durable and lightweight air working
electrochemical actuators capable of generating large strains and fast responses [8] Most of
these actuators are however, composed of multiple electroactive materials and thus, require
rather complex fabrication processes.

Aunother group of electrochemical actuators are those that operate in an ion-conductive
electrolyte. These actuators are commonly composed of an electroactive film layer deposited
on an electrode to construct a bilayer actuator device. The volume change of the electroactive
layer in a bilayer configuration can be used to generate out-of-plain movement and produce
bending deformation.[9] Among materials that have been utilized as the electroactive layer in
these actuators, organic semiconductors (OSs) (i.e., n-conjugated polymers {(CPs)) such as
polyaniline, polypyrrole, and poly3,4-ethylenedioxythiophene, exhibit unique properties as
they can operate under low voltages and hold strain under voltage or open circuit. [10] OS films
with controlled thickness can be electrochemically synthesized and miniaturized, making them
versatile for various applications such as medical devices and artificial muscles[11] The
volume changes in OS actuators is governed by transportation of tons and solvent molecules
under redox reactions.[12] Owing to their good biocompatibility, OSs have been used in
biomedical devices and actuators operating in biofluids [3d, 11b, 13] Among OSs, polypyrrole
has been extensively studied for electrochemical actuators as it can withstand relatively large
actuation strains/stresses and be readily electrodeposited to form dense or porous films in
aqueous and organic electrolytes for large scale production [14] However, achievement of large
deformation strains with fast response time and high actuation stability remains a challenge for
OS film-based actuators wherein the high rigidity and dense structure of the film restrict the
actuator motion, limit the ion transportation, and increase the risk of delamination [15]

Recent advances in neuroscience have enabled the exploration of brain activity and
neural disorders and allowed understanding of its mechanisms down to the microscopic level.
Neural recording technologies have remarkably contributed to this understanding by revealing
neuron activities and functional connectivity [1, 2]. Neural interfacing devices have been
utilized in various clinical applications including cochlear [3] and retinal implants [4], spinal
and peripheral nerve interfaces [5, 6], epilepsy monitoring devices [7], and deep brain
stimulators [8]. Inttiating from tungsten and silicon neural probes [9, 10], next generation
neural probes such as Michigan electrodes [11], Utah arrays [12], and Neuropixels electrodes
[13] have enabled advanced spatiotemporal and multifunctional interrogation of neurons. The
rigid nature of these probes facilitates direct implantation and accurate localization in the brain;

however, the physical and mechanical properties mismatch between the neural probe and brain
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tissue restricts establishment of high-resolution chronic recordings and stimulations of
surrounding neurons [14] In fact, conventional electrodes for brain interfacing are made of
metals or doped silicon, which are much stiffer than biological tissues. Consequently, the
mechanical mismatch between probes and brain tissue induces neuroinflammatory responses
and scar formation that resulted in gradual signal loss over time [15]. The strategy to improve
the mechanical and physical compatibility of neural probes with brain tissue includes electrode
design and materials engineering {16]. Basically, structural design (electrode thickness) and
mechanical properties (elastic modulus and Poisson’s ratio) of the probes determine their
bending stiffness [17] expressed as

3
Eh*

Bending Stiffness = T

Here, % is the elastic modulus, 7 is thickness, and v is Poisson’s ratio. As the bending
stiffniess scales cubically with the thickness and linearly with the modulus, either reducing the
thickness of the device or using low modulus materials can drastically decrease the device
stiffness. Accordingly, soft materials are increasingly employed for neural electrodes to
provide more mechanically-compatible interfaces while minimizing side effects [14}]. Many
polymers have been explored for development of flexible neural probes, including SU-8,
polyimide, parylene, polydimethylsiloxane (PDMS), liquid crystal polymers, cyclic olefin
polymers, polymethyl methacrylate, polycarbonate, and polystyrene [18]. Combination of
material properties, processing conditions, and performance demands determine selection of a
particular polymer for a device. Among all above-mentioned polymers, SU-8, polyimide, and
parylene are currently on the rise within microelectromechanical systems (MEMS) as free
standing films and structural elements on flexible neural probe devices [19]. Compared to the
other polymers, these three are compatible with standard microfabrication techniques (7.e.,
photolithography and wet/dry etch), so many researchers have been motivated to develop novel
strategies for processing and device construction of neural probes based on these polymers
[ 18]. However, implantation and localization of the soft matenial in soft tissues is challenging,
owing to additional tissue damage caused by rigid auxiliary tools used for implantation, lengthy
interface recovery and micromotion of the soft electrode [20-22]. The dilemma of choosing
between facile implantation of rigid probes and compatible interface of soft electrodes has
called for the evolution of materials and fabrication techniques for neuronal recording

technology.
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Neuronal recordings using current implantable microelectrode technologies have been
found to be inconsistent and/or unreliable in long-term assessments [15, 23, 24]. This limitation
is the most significant impediment toward the success of emerging cortical prostheses that rely
on their recording stability over the lifetime of patients who use such prosthetic devices. As an
alternative to fixed microelectrodes, movable microelectrodes have been suggested as a
potential approach to mitigate some of these limitations. Technologies that enable control of
microelectrodes after implantation remarkably enhance the ability to (a) 1solate activity from
single neurons (b) maintain stable neuronal recordings over longer durations (c) maintain the
signal-to-noise ratio in the neuronal recordings {d) seek neurons of interest after implantation
[25]. There have been several attempts to create movable probes, but none of them have
successtully met all the requirements for safe, reliable, and long-term chronic use. The use of
electrothermal and capacitive actuators has been demonstrated for silicon probes embedded in
the brain cap to vertically move neural probes which provided good signal recording for 12
weeks in vive [26] Cham and coworkers also developed microwire probes which move
vertically in the brain by manually adjusting a screw on the head cap of the animal [27]. Pang
et al. developed an electrolysis-based parylene balloon actuator in order to move neural probes
[28].

In general, actuation methods can either be included 1n the microfabrication of neural
probes or can be integrated in post-fabrication process. Capacitive, electrostatic,
electrothermal, shape memory alloys, and piezoelectric actuation methods are usually
incorporated at the microfabrication level. However, an actuation method that could be
incorporated post-processing may allow for fabrication flexibility. In addition, actuation
methods require to be evolved for biocompatible and safe use in the brain tissue, their power
consumption, heat dissipation, voltage requirements, and overall size. Mechanisms of
producing actuation at the micro-scale are limited and usually require incorporation during the
fabrication processes [25]. Therefore, an actuation technology that can be incorporated post
standard microfabrication would have advantage over others that require process integration.
Thus, there is an unmet need for conjugated polymer actuators that can be electrically
polymerized on projections of interest with low power requirements for applications in medical

microdevices.
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SUMMARY

In some aspects, the present disclosure provides An organic semiconductor nanotube
(OSNT) comprising at least one conducting polymer.

In some aspects, the at ieast one conducting polymer is polypyrrole, polyaniline, or
poly3,4-ethylenedioxythiophene. In particular aspects, the at least one conducting polymer is
polypyrrole.

In certain aspects, the OSNT further comprises a dopant. In some aspects, the dopant is
a negatively charged molecule, such as a net negatively charged molecule. In some aspect, the
dopant is polystyrene sulfonate (PSS).

In some aspects, the nanotube has a diameter of about 500 nm to 700 nm, such as about
600 nm to 650 nm, such as about 610 to about 645 nm. In certain aspects, the OSNT has an ion
exchange of about 150 to about 200 g cm™, an elastic modulus of about 5 to 10 MPa, a charge
storage density of about 400 to about 500 mC cm™?), and/or a specific capacitance about 100 to
about 200 F g™t

Further provided herein 138 a method for producing the OSNT of the present
embodiments comprising (a) electrospinning a non-conductive polymer onto a conductive
surface using a syringe pump to form template nanofibers; (b) electrochemically depositing a
conductive polymer around the template nanofibers; and (¢} adding an organic solvent to
remove the template nanofibers to form the OSNTs.

In some aspects, the electrospinning is performed in an electric field of about 0.9 to
about 1.0 kV cm™. In certain aspects, the non-conductive polymer is a poly{lactide},
poly(glycolide), or poly(lactide-co-glycolide). In certain aspects, the non-conductive polymer
is a poly-L-(lactide) (PLLA). In some aspects, the non-conductive polymer is in a solution
comprising an organic solvent. In certain aspects, the non-conductive polymer is present at a
concentration of 1%w/w to 10% w/w in the solution, such as 3% w/w in the solution.

In certain aspects, the solution further comprises an organic salt, such as benzyl
triethylammonium chloride. In some aspects, the conductive polymer is polypyrrole. In certain
aspects, the polypyrrole ts comprised in an electrolyte solution. In some aspects, the electrolyte
solution further comprises a dopant. In certain aspects, the dopant is a negatively charged
molecule. In some aspects, the dopant is a net negatively charged molecule, such as
poly(socdium 4-styrenesulfonate} (NaPSS).

In some aspects, the syringe has a gauge from about 20 to about 30, such as 21, 22, 23,

24, or 25. In certain aspects, the conductive surface comprises a metal coating. In some aspects,
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the metal coating is a gold coating, such as wherein the gold coating has a thickness of about
0.3 pm. In some aspects, the organic solvent is chloroform.

A further embodiment provides an electrochemical device comprising the OSNTs of
the present embodiments or aspects thereof.

In certain aspects, the device has actuation in hiquid. In some aspects, the device has
actuation in a gel polymer. In some aspects, the electrochemical device is further defined as a
neural probe or neural interface device.

A further embodiment provides a method for producing a neural probe device
comprising (a) microfabricating a probe with at least one movable projection using layer-by-
layer photolithography; (b) coating the probe with a conductive metal; {(c) electrospinning a
non-conductive polymer onto the conductive surface using a syringe pump to form template
nanofibers; (d) electrochemically depositing a conductive around the template nanofibers; and
(e} adding an organic solvent to remove the template nanofibers to form the neural probe
device.

In some aspects, the probe comprises a layer of photoresist. In certain aspects, the probe
comprises multiple layers of photoresist, such as SU-8.

In certain aspects, step (a} comprises using a silicon wafer with a thermal oxide layer
as a substrate. In some aspects, the probe comprises two or three movable projections. In certain
aspects, the probe comprises more than three movable projections. In some aspects, the
movable projections have a length of about 0.5 mm to about | mm. In certain aspects, the
movable projections have a width of about 25 to 75 um and a thickness of 5 to 20 um. In some
aspects, the movable projections have a width of about 40 to 60 pum and a thickness of 10to 15
pm.

In some aspects, the conductive metal 15 gold and/or chromium. In certain aspects, the
gold and/or chromium are present at a thickness of 1 to 3 um. In particular aspects, the gold
and/or chromium are present at a thickness of 2 um.

In certain aspects, the electrospinning is performed in an electric field of about 0.9 to
about 1.0 kV em™ In some aspects, the non-conductive polymer is a poly(lactide),
poly(glycolide), or poly(lactide-co-glycolide). In certain aspects, the non-conductive polymer
is a poly-L-(lactide} (PLLA). In some aspects, the non-conductive polymer is in a solution
comprising an organic solvent. In some aspects, the non-conductive polymer is present at a
concentration of 1% w/w to 10% w/w in the solution. In certain aspects, the non-conductive
polymer is present at a concentration of 3% w/w in the solution. In some aspects, the solution

further comprises an organic salt. In certain aspects, the organic salt is benzyl
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triethylammonium chioride. In some aspects, the conductive polymer is polypyrrole. In
particular aspects, the polypyrrole 13 comprised in an electrolyte solution. In certain aspects,
the electrolyte solution further comprises a dopant. In some aspects, the dopant is a negatively
charged molecule. In some aspects, the dopant is a net negatively charged molecule, such as
poly(sodium 4-styrenesulfonate) (NaPSS).

In certain aspects, the syringe has a gauge from about 20 to about 30, such as 22, 23,
24 or 25.

In some aspects, the organic solvent is chloroform. In certain aspects, the probe
comprises at least one movable projection comprising a rectangular segment for actuation. In
certain aspects, the movable projection further comprises a round site at the projection tip for
signal recording. In some aspects, the probe further comprises a fixed recording site. In certain
aspects, the fixed recording site is adjacent to the movable actuating projection.

Another embodiment provides a neural probe device produced according to present
embodiments and aspects thereof. In some aspects, the device is implantable.

A turther embodiment provides a neural probe device comprising at least one movable
projection and organic semiconductor nanotubes (OSNTs), such as OSNTs of the present
embodiments and aspects thereof.

In some aspects, the probe is coated the probe with a conductive metal, such as
chromium and/or gold. In certain aspects, the probe comprises a layer of photoresist. In some
aspects, the probe comprises multiple layers of photoresist. In particular aspects, the photoresist
is SU-8.

In certain aspects, the probe comprises two or three movable projections. In some
aspects, the probe comprises more than three movable projections. In some aspects, the
movable projections have a length of about 0.5 mm to about 1| mm. In certain aspects, the
movable projections have a width of about 25 to 75 um and a thickness of 5 to 20 um. In some
aspects, the movable projections have a width of about 40 to 60 pm and a thickness of 10 t0 15
um. In some aspects, the gold and/or chromium are present at a thickness of 1 to 3 um. In
certain aspects, the gold and/or chromium are present at a thickness of 2 pm.

In some aspects, the probe comprises polypyrrole. In certain aspects, the polypyrrole is
doped with poly{sodium 4-styrenesulfonate) (NaPSS). In some aspects, the probe comprises at
least one movable projection comprising a rectangular segment for actuation. In certain aspects,
the movable projection further comprises a round site at the projection tip for signal recording.

In some aspects, the probe turther comprises a fixed recording site. In certain aspects, the fixed
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recording site is adjacent to the movable actuating projection. In particular aspects, the device
is implantable.

A further embodiment provides a method of using a neural probe device of the present
embodiments for neural recording or stimulation.

A method of using a neural probe device of the present embodiments for releasing a
therapeutic agent to the neuron, such as a drug or protein.

Further provided herein is the use of the neural probe device of the present
embodiments for neurochemical detection. Also provided herein is the use of the neural probe
device of the present embodiments as a neural interface.

Another embodiment provides a method of using OSNTs according to the present
embodiments, OSNTs produced according to the present embodiments, or a neural probe
device of the present embodiments in a biosensor.

A further embodiment provides a method of using OSNTs according to the present
embodiments, OSNTs produced according to the present embodiments, or a neural probe

device of the present embodiments in a bioelectronic.

In certain embodiments, the present disclosure provides the following aspects:

1. An organic semiconductor nanotube (OSNT) comprising at least one conducting

polymer.

I

The nanotube of aspect 1, wherein the at least one conducting polymer 1s polypyrrole,

polyaniline, or poly3,4-ethylenedioxythiophene.

3. The nanotube of aspect 1, wherein the at least one conducting polymer is polypyrrole.

4. The nanotube of any of aspects 1-3, further comprising a dopant.

5. The nanotube of any of aspects 1-4, wherein the dopant is a negatively charged
molecule.

6. The nanotube of any of aspects 1-5, wherein the dopant is a net negatively charged
molecule.

7. The nanotube of any of aspects 1-5, wherein the dopant is polystyrene sulfonate (PSS).

8. The nanotube of any of aspects 1-6, wherein the nanotube has a diameter of about 500

nm to 700 nm.
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The nanotube of any of aspects 1-6, wherein the nanotube has a diameter of about 600

nm to 650 nm.

The nanotube of any of aspects 1-6, wherein the nanotube has a diameter of about 610

to about 645 nm.

The nanotube of any of aspects 1-10, wherein the OSNT has an ton exchange of about
150 to about 200 g cm™, an elastic modulus of about 5 to 10 MPa, a charge storage
density of about 400 to about 500 mC cm™, and/or a specific capacitance about 100 to

about 200 F g™t
A method for producing the OSNT of any of aspects 1-11 comprising:

(a) electrospinning a non-conductive polymer onto a conductive surface using a syringe

pump to form template nanofibers;

(b) electrochemically depositing a conductive polymer around the template nanofibers;

and
(c) adding an organic solvent to remove the template nanofibers to form the OSNTs.

The method of aspect 12, wherein the electrospinning is performed in an electric field

of about 0.9 to about 1.0 kV ecm™.

The method of aspect 12 or 13, wherein the non-conductive polymer is a poly({lactide),

poly{glycolide), or poly(lactide-co-glycolide).

The method of aspect 14, wherein the non-conductive polymer is a poly-L-{lactide)

(PLLA).

The method of any of aspects 12-15, wherein the non-conductive polymer is in a

solution comprising an organic solvent.

The method of any of aspects 12-16, wherein the non-conductive polymer is present at

a concentration of 1% w/w to 10% w/w in the solution.

The method of any of aspects 12-17, wherein the non-conductive polymer is present at

a concentration of 3% w/w in the solution.

The method of any of aspects 16-18, wherein the solution further comprises an organic

salt.

The method of aspect 19, wherein the organic salt is benzyl triethylammonium chloride.
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The method of any of aspects 12-20, wherein the conductive polymer is polypyrrole.

The method of aspect 21, wherein the polypyrrole is comprised in an electrolyte

solution.

The method of aspect 22, wherein the electrolyte solution further comprises a dopant.
The method of aspect 23, wherein the dopant is a negatively charged molecule.

The method of aspect 24, wherein the dopant is a net negatively charged molecule.

The method of aspect 25, wherein the dopant is poly(sodium 4-styrenesulfonate)

{(NaPSS).

The method of any of aspects 12-26, wherein the syringe has a gauge from about 20 to

about 30.
The method of aspect 27, wherein the syringe has a gauge of 23.

The method of any of aspects 12-28, wherein the conductive surface comprises a metal

coating.

The method of aspect 29, wherein the metal coating is a gold coating, such as wherein

the gold coating has a thickness of about 0.3 um.
The method of any of aspects 12-30, wherein the organic solvent is chloroform.

An electrochemical device comprising the OSNTs of any of aspects 1-11 or the OSNTs

produced by the methods of any of aspects 12-31.
The electrochemical device of aspect 32, wherein the device has actuation in liquid.

The electrochemical device of aspect 32, wherein the device has actuation in a gel

polymer.

The electrochemical device of any of aspects 32-34, wherein the electrochemical device

is further defined as a neural probe or neural interface device.
A method for producing a neural probe device comprising:

{(a) microfabricating a probe with at least one movable projection using layer-by-layer

photolithography;

(b} coating the probe with a conductive metal,

10
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{(c) electrospinning a non-conductive polymer onto the conductive surface using a

syringe pump to form template nanofibers;
{(d) electrochemically depositing a conductive around the template nanofibers; and

(e) adding an organic solvent to remove the template nanotibers to form the neural

probe device.

The method of aspect 36, wherein the probe comprises a layer of photoresist.

The method of aspect 36, wherein the probe comprises multiple layers of photoresist.
The method of aspect 37 or 38, wherein the photoresist is SU-8.

The method of any of aspects 36-39, wherein step (a) comprises using a silicon wafer

with a thermal oxide layer as a substrate.

The method of any of aspects 36-40, wherein the probe comprises two or three movable

projections.

The method of any of aspects 36-41, wherein the probe comprises more than three

movable projections.

The method of any of aspects 36-42, wherein the movable projections have a tength of

about 0.5 mm to about I mm.

The method of any of aspects 36-43, wherein the movable projections have a width of

about 25 to 75 um and a thickness of 5 to 20 pm.

The method of any of aspects 36-43, wherein the movable projections have a width of

about 40 to 60 pm and a thickness of 10 to 15 um.

The method any of aspects 36-45, wherein the conductive metal is gold and/or

chromium.

The method of aspect 46, wherein the gold and/or chromium are present at a thickness

of 1to 3 pm.

The method of aspect 46, wherein the gold and/or chromium are present at a thickness

of 2 um.

The method of any of aspects 36-48, wherein the electrospinning is performed in an

electric field of about 0.9 to about 1.0 kV em™

11
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The method of any of aspects 36-49, wherein the non-conductive polymer is a

poly(lactide), poly(glycolide), or poly(lactide-co-glycolide).

The method of aspect 50, wherein the non-conductive polymer is a poly-L-(lactide)

(PLLA).

The method of any of aspects 36-51, wherein the non-conductive polymer is in a

solution comprising an organic solvent.

The method of any of aspects 36-52, wherein the non-conductive polymer is present at

a concentration of 1% w/w to 10% w/w in the solution.

The method of any of aspects 36-53, wherein the non-conductive polymer is present at

a concentration of 3% w/w in the solution.

The method of any of aspects 36-54, wherein the solution further comprises an organic

salt.
The method of aspect 55, wherein the organic salt is benzyl triethylammonium chloride.
The method of any of aspects 36-56, wherein the conductive polymer is polypyrrole.

The method of aspect 57, wherein the polypyrrole is comprised in an electrolyte

solution.

The method of aspect 58, wherein the electrolyte solution further comprises a dopant.
The method of aspect 59, wherein the dopant is a negatively charged molecule.

The method of aspect 60, wherein the dopant is a net negatively charged molecule.

The method of aspect 61, wherein the dopant is poly{sodium 4-styrenesulfonate)

{(NaPSS).

The method of any of aspects 36-62, wherein the syringe has a gauge from about 20 to

about 30.
The method of aspect 63, wherein the syringe has a gauge of 23.
The method of any of aspects 36-64, wherein the organic solvent is chloroform.

The method of any of aspects 36-65, wherein the probe comprises at least one movable

projection comprising a rectangular segment for actuation.

The method of any of aspects 36-66, wherein the movable projection further comprises

a round site at the projection tip for signal recording.

12
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The method of any of aspects 36-67, wherein the probe further comprises a fixed

recording site.

The method of aspect 68, wherein the fixed recording site is adjacent to the movable

actuating projection.
A neural probe device produced according to any of aspects 36-69.

A neural probe device comprising at least one movable projection and organic

semiconductor nanotubes {(OSNTs).

The neural probe of aspect 71, wherein the OSNTs are the OSNTSs of any of aspects -
iL

The neural probe of aspect 71 or 72, wherein the probe is coated the probe with a

conductive metal.
The neural probe of aspect 73, wherein the conductive metal 1s chromium and/or gold.

The neural probe of any of aspects 71-74, wherein the probe comprises a layer of

photoresist.

The neural probe of any of aspects 71-75, wherein the probe comprises multiple layers

of photoresist.
The neural probe of aspect 75 or 76, wherein the photoresist is SU-8.

The neural probe of any of aspects 71-77, wherein the probe comprises two or three

movable projections.

The neural probe of any of aspects 71-78, wherein the probe comprises more than three

movable projections.

The neural probe of any of aspects 71-79, wherein the movable projections have a

length of about 0.5 mm to about 1 mm.

The neural probe of any of aspects 71-80, wherein the movable projections have a width

of about 25 to 75 um and a thickness of 5 to 20 um.

The neural probe of any of aspects 71-81, wherein the movable projections have a width

of about 40 to 60 ym and a thickness of 10 to 15 um.

The neural probe any of aspects 71-82, wherein the gold and/or chromium are present

at a thickness of 1 to 3 pm.
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The neural probe of aspect 83, wherein the gold and/or chromium are present at a

thickness of 2 um.
The neural probe of any of aspects 71-84, wherein the probe comprises polypyrrole.

The neural probe of aspect 85, wherein the polypyrrole is doped with poly(sodium 4-
styrenesulfonate) (NaPS8S).

The neural probe of any of aspects 71-86, wherein the probe comprises at least one
movable projection comprising a rectangular segment for actuation.

~

The neural probe of any of aspects 71-87, wherein the movable projection further

comprises a round site at the projection tip for signal recording.

The neural probe of any of aspects 71-88, wherein the probe further comprises a fixed

recording site.

The neural probe of aspect 89, wherein the fixed recording site is adjacent to the

movable actuating projection.
The neural probe of any of aspects 71-90, wherein the device is implantable.

A method of using a neural probe device of any of aspects 71-91 for neural recording

or stimulation.

A method of using a neural probe device of any of aspects 71-91 for releasing a

therapeutic agent to the neuron, such as a drug or protein.
Use of the neural probe device of any of aspects 71-91 for neurochemical detection.
Use of the neural probe device of any of aspects 71-91 as a neural interface.

A method of using OSNTs according to any one of aspects 1-11, OSNTs produced
according to any of aspects 12-35, or a neural probe device of any of aspects 71-91 in

a biosensor.

A method of using OSNTs according to any one of aspects 1-11, OSNTs produced
according to any of aspects 12-35, or a neural probe device of any of aspects 71-91 in

a bioelectronic.

The use of the word “a” or “an” when used in conjunction with the term “comprising”

in the claims and/or the specification may mean “one,” but it is also consistent with the meaning
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of “one or more,” “at least one,” and “one or more than one.” The word “about” means phus
or minus 5% of the stated number.

Other objects, features and advantages of the present disclosure will become apparent
from the following detailed description. It should be understood, however, that the detailed
description and the specific examples, while indicating specific embodiments of the disclosure,
are given by way of illustration only, since various changes and modifications within the spirit
and scope of the disclosure will become apparent to those skilled in the art from this detailed

description.
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BRIEF DESCRIPTION OF THE FIGURES

The following drawings form part of the present specification and are included to
further demonstrate certain aspects of the present disclosure. The disclosure may be better
understood by reference to one or more of these drawings in combination with the detailed
description.

FIGS. 1A-1G: Fabrication and characterization of OSNTs device. (FIG. 1A)
Schematic tllustrates layered design of the actuator. (FIG. 1B) Step-by-step fabrication process
of the OSNTs actuator: starting with a coverslip as carrier substrate covered with a removable
double-sided tape on top (a), attachment of poly(propylene} (PP) film (30 um thick}) to the
removable tape (b), sputtering of a thin layer of Au (~0.3 um thick, see FIG. §) on the PP film
{c), electrospinning of template PLLA nanofibers on the Au layer (d), electrodeposition of S
around electrospun PLLA nanofibers (~13 um thick, see FIG. 8) (¢} removal of PLLA
nanofibers to form OSNTs and finally detachment of the constructed actuator from the
removable tape and the carrier substrate (f}). (FIG. 1C) Photographs of gold-coated substrates
after electrospinning of template PLLA nanofibers and electrodeposition of OS around

template nanofibers followed by template removal to form OSNTs. (FIG. 1D} Scanning

micrograph of the OSNTs. (FIGS. 1F-G) Cross-sectional scanning electron micrographs of the
OSNTs layer.

FIGS. 2A-21: Electrochemical actuation of OSNTs device using cyclic voltammetry.
(FIG. 2A) Schematic represents ions transportation and the resulting bending movement in
actuation of OSNTs upon redox processes. (FIG. 2B, 2C) Composite optical micrographs
showing reversible bending deformation of the OSNTs actuator in liquid and gel electrolytes
during cyclic voltammetry at the scan rate of 10 mV s-1 for one full cycle. Arrows show the
direction of bending during consecutive reduction (R) and oxidization (O} processes. The
OSNTs were deposited on the left-side of the actuator beam. (D-I) Cyclic voltammograms
(FIG. 2D, 2E), mass flux (FIG. 2F, 2G), and tip displacement (FIG. 2H, 2I) of the OSNTs
actuator as a function of potential during CV cycling in liquid and gel electrolytes containing
0.1 M NaPSS within the potential range of -0.8 to +0.4 V (versus Ag/AgCl) at various scan
rates of 10 mV s-1 (blue square), SO mV s-1 (green circle), 100 mV s-1 (red upward triangle),
and 200 mV s-1 (black downward triangie}. All plots correspond to the 10th cycle. Arrows

indicate cycling direction.
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FIGS. 3A-3K: Electro-chemo-mechanical response of OSNTs device at various CV
scan rates. (FIGS. 3A, 3B) Composite photographs illustrate the maximum tip deflection occurs
during CV cycling at different scan rates of 10, 50, 100, and 200 mV s-1 in liquid (FIG. 3A)
and gel (FI1G. 3B) electrolytes. (FIG. 3C-I) The OSNTs actuator response as a function of scan
rate during cycling in liquid (black color) and gel (red color) electrolytes including: mass influx
(FIGS. 3A, 3C), charge storage density (FIGS. 3A, 3D), maximum displacement (FIG. 3A,
3E), maximum strain (FIGS. 34, 3F), maxirmum speed (FIGS. 3A, 3G), response time (FIG.
3A H), and actuation force (FIG. 3A, 31} (=SEM, n =5). (FIG. 3A, FIG. 3J, 3K) The actuation
force-displacement plots at various scan rates of 10 mV s-1 (blue square), 50 mV s-1 {green
circle}, 100 mV s-1 {red upward triangle), and 200 mV s-1 (black downward triangles) in liquid
(FI1G. 3]) and gel (FIG. 3K) electrolytes.

FIGS. 4A-4F: Long-term assessment of high performance OSNTs Device. (FIG. 4A)
Power consumption/strain percentage of the OSNTs actuator, compared with different types of
soft electrochemical actuators. (FIG. 4B) Bending stability (6/ 60} of the OSNTs actuator over
15000 actuations at 200 mV s-1 (25 hours of continuous operation}. 60 corresponds to the
actuator deflection at the first cycle, and ¢ is the deflection at the nth cycle. Inset represents the
sample variation in the maximum tip deflection {dmax) within the first 1000 actuations in liguid
and gel electrolytes (SEM, n = 3}. There is no signiticant difference in the dmax over the
course of actuation in both liquid and gel electrolytes {(p >0.05). (FIGS. 4C-D) Scanning
electron micrographs of OSNTSs before (C) and after (D) actuation at scan rate of 200 mV s-1
for 1000 times. (FIGS. 4E-F) Optical microphotographs of the transverse cross-section of the
actuator after actuation for 1000 times at scan rate of 200 mV s-1.

FIG. §: Histograms demonstrate the diameter of PLLA nanofibers and OSNTs obtained
from 100 measurements. The diameter of PLLA nanofibers and OSNTs are 140 =4 nm and 626
+16 nm, respectively (n= 100},

FI1G. 6: Photographs of the actuation setup at different view angles. Images show the
three-electrode configuration was used for CV. A platinum foil served as the counter electrode,
an Ag/AgCl electrode as reference electrode, and the actuator as working electrode. In these
photos, the electrolyte is in hydrogel.

FiG. 7: A schematic illustrates the actuator deflection in response to transportation of
solvated cations into/out of the OSNTs during CV. The actuator deflects counter-clockwise
upon reduction, when the solvated cations transport into the OSNTs layer. Subsequently, the
actuator deflects clockwise upon oxidation process, as the solvated cations leave the OSNTs

towards surrounding electrolyte, until it retains its initial position prior to reduction.
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FIGS. 8A-8D: Step-height measurements for: (FIG. 8A) the Au layer, (FIG. 8B)
OSNTs constructed on an EQCM crystal for mass flux measurements, and (FIG. 8C) OSNTs
constructed on the bending beam actuators. Measurements represent the mean profiles obtained
from a series of profiles (graph A: 150 profiles, graphs B and C: 250 profiles). As indicated by
orange boxes on the graphs, the step-heights were determined according to standard ISO 5436-
1 and given as the mean depth in the corresponding tables. (FIG. 8D) A 3D reconstructed
confocal image represents the surface topography of the OSNTs layer.

FI1G. 9: Specific capacitance of the OSNTs actuator as a function of CV scan rate during
cycling in liquid (black color) and gel (red color) electrolytes.

FIG. 10: Representative force-separation curves for the device components, including
PP film, Au coating, and OS (reduced and oxidized states). The presented data were obtained
using AFM in fluid in either contact mode and/or peak force mode.

FIG. 11: Schematics illustrate the cross-section of the beam before and after
transformation.

FIG. 12: Apparent viscosity of liquid and gel electrolytes containing 0.1 M NaPSS as
a tunction of shear rate measured by 40 mm parallel plates with a gap of 0.5 mm at room
temperature.

FIG. 13: Free body-diagram and kinetic diagram of the actuator. The forces exert on
the actuator, including actuation force (Facr), drag force (£d), buoyancy force (F5), weight
(W), and support forces (Fox and foy), are indicated on the left-side diagram (i.e., free body
diagram). The Kinetic diagram includes the forces related to rate of changes of linear and
angular momentums.

FIGS. 14A-14L: Applied linear potential waveforms (FIGS. 14A-B), mass change
Am(8) (FIGS. 14C-D), the rate of mass change (dm/df) (FIGS. 14E-F), tip deflection (0} (FIGS.
14G-H), tip velocity (v} (FIGS. 141-]), and tangential acceleration a(f) (FIGS. 14K-L) as a
function of time at various scan rates of 10 mV s} (blue square), 50 mV s (green circle), 100
mV s (red upward triangle), and 200 mV s™ (black downward triangle) in liquid (FIGS. 144,
14C, 14E, 14G, 14D and gel (FIGS. 14B, 14D, 14F, 14H, 141} electrolytes (all graphs
corresponds to the cycle 10th). The curves for the scan rate of 10 mV s are presented as inset
in each graph.

FIGS. 15A-15F: Applied linear potential waveforms (FIGS. 15A-B), drag force Fd(?)
(FIGS. 15C-D), and actuation force (Fact) (FIGS. 15E-F) of the OSNTs actuator as a function

of time during CV at various scan rates of 10 mV s™' (blue square), 50 mV s (green circle),
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100 mV s (red upward triangle), and 200 mV s (black downward triangle) in liquid (FIGS.
ISA, 15C, 15E) and gel (FIGS. 15B, 15D, 15F) (all graphs corresponds to the 10th cycle). The
curves for the scan rate of 10 mV s are presented as inset in each graph.

FIG. 16: Schematics represent probe designs with two and three movable projection
sites.

FIG. 17: Overview of the fabrication process of the probe devices.

FIG. 18 Optical micrographs of the fabricated neural probes with two and three
projection sites.

FIGS. 19A-19F: Scanning electron micrographs of probe projections coated with an
electroactive layer of PPy film (FIGS. 19A-19C) and PPy NFs (FIGS. 19D-19F).

FIGS. 20A-20C: Coating of probe projections with PPy NFs: (FIG. 20A) gold
projection, (FIG. 20B) electrospinning of template PLLA NFs on the projection, and (FIG.
20C) electrodeposition of PPy around template PLLA NFs, followed by removing of the
uncoated template nancfibers.

FIGS. 21A-21F: Electrochemical impedance, phase angle, and Nyquist (Z'-Z") plots
of the probes with two (FIGS. 21A, 21C, 21E) and three (FIGS. 21B, 21D, 21F) projections
before (black squares) and after coating with PPy film (red circle) and PPy NFs (blue triangle).

FIGS. 22A-220: Cyclic voltammograms of the probes projections coated with PPy
NFs at various CV scan rates. The black curves belong to probes with two 1 mm projections
and the red curves are attributed to the probes with three 0.5 mm projections.

FiIG. 23 Bending movement of the probe projections under cyclic voltammetry in
aCSF electrolyte.

FIGS. 24A-24B: Charge storage density (FIG. 24A) and displacements (FIG. 24B) of
actuating projection sites (1 mm and 0.5 mm projections) under various CV scan rates in aCSF
electrolyte. The data is obtained from a single probe actuated at various scan rates.

FIGS. 25A-25E: A proof of concept for utilization of OSNTs device for movable
neural microprobes. (FIGS. 25A-B) Optical micrographs of the probe with three
microcantilevers fabricated using standard photolithography. The probe consisted of three
gold-coated microcantilevers (marked by P), six circular electrode sites (marked by Q), and
nine connection pads (marked by R). (FIG. 25C) A photograph of the microprobe assembled
on a printed board circuit using wire-bonding. (FIG. 25D) Actuation of microcantilevers coated
with OSNTs under C'V at 200 V 5. Each microcantilever can be individually controlled for a
desired range of motion. (FIG. 25E) Scanning electron micrograph of the probe microcantilever

coated with OSNTs.
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FIGS. 26A-26L: Applied linear potential waveforms (FIGS. 26A-B), mass change
Am(&) (FIGS. 26C-D), the rate of mass change {dm/dt) (FIGS. 26E-F), tip deflection (J)
(FIGS. 26G-H), tip velocity (v) (FIGS. 261-}), and tangential acceleration a(£) (FIGS. 26K-L)
as a function of time at various scan rates of 10 mV s (blue square), 50 mV s’ (green circle),
100 mV s (red upward triangle), and 200 mV s (black downward triangle) in liquid (FIGS.
254, 25C, 26E, 26G, 261) and gel (FIGS. 26B, 26D, 26F, 26H, 26]) electrolytes (all graphs
corresponds to the cycle 10™). The curves for the scan rate of 10 mV s are presented as inset
in each graph.

FIGS. 27A-27F: Long-term assessment of high performance OSNTs Device. (FIG.
27A) Power consumption/strain percentage of the OSNTs actuator, compared with different
types of soft electrochemical actuators. (FIG. 27B) Bending stability (¢/ 0o} of the OSNTs
actuator over 15000 actuations at 200 mV s™ (25 hours of continuous operation). do
corresponds to the actuator deflection at the first cycle, and ¢ is the deflection at the nth cycle.
Inset represents the sample variation in the maximum tip deflection (dmax) within the first 1000
actuations in hiquid and gel electrolytes (=SEM, n = 3). There 1s no significant difterence in the
dmax over the course of actuation in both liquid and gel electrolytes (p >0.05). (FIGS. 27C-13)
Scanning electron micrographs of OSNTs before (FIG. 27C) and after (FIG. 27D) actuation at
scan rate of 200 mV s for 1000 times. (FIGS. 27E-F) Optical microphotographs of the

transverse cross-section of the actuator after actuation for 1000 times at scan rate of 200 mV §
1
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DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

Electrochemical devices that transform electrical energy to mechanical energy through
an electrochemical process have numerous applications ranging from soft robotics and
micropumps to autofocus microlenses and bioelectronics. To date, achievement of large
deformation strains and fast response times remains a challenge for electrochemical actuator
devices operating in liquid wherein drag forces restrict the actuator motion and electrode
materials/structures limit the ion transportation and accumulation. Accordingly, in certain
embodiments, the present embodiment provides electrochemical actuators, electrochemical
mass transfers, and electrochemical dynamics made from organic semiconductors (OSNTs). In
certain aspects, OSNTs electrochemical device exhubits high actuation performance with fast
ion transport and accumulation and tunable dynamics in liquid and gel-polymer electrolytes.
This device demonstrates an impressive performance, including low power
consumption/strain, a large deformation, fast response, and excellent actuation stability. This
outstanding performance stems from enormous effective surface area of nanotubular structure
that facilitates ion transport and accumulation resulting in high electroactivity and durability.
The present studies of motion and mass transport along with the theoretical analysis for a
variable—mass system established the dynamics of the electrochemical device and a modified
form of Euler-Bernoulli’s deflection equation was introduced for the OSNTs. The present
electrochemical devices may be utilized in artificial muscles and biomedical devices.

The present OSNTs device exhibits high electrochemical performance in liquid and gel
polymer electrolytes. The present OSNTs demonstrate an outstanding performance, including
low power consumption/strain (~0.5 mW cm™ %-1), large deformation (displacement ~7.88
mm; strain ~3.35%), fast response (speed ~1280 um/s; times <is), and excelient actuation
stability (>96.5% after 25 hrs of continuous operation} with tunable dynamics. These high-
performance characteristics are ascribed to the enormous surface area of OSNTs associated
with large ion exchange (mass flux ~167 g ecm™), low elastic modulus {(average ~6.79 MPa),
high charge storage density (charge density ~448 mC c¢m™), and large specific capacitance
(~170 F gy of OSNTs. The effective surface area of the present nanotubular structure
facilitates charge storage with boosted ions transportation resulting in high electroactivity and
durability.

Further provided herein are high-performance electrochemical devices based on the
present OSNTs for the production of micro and nano-scale actuators. The present OSNTs may

be used in several applications, including movable and implantable interface devices, such as
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flexible neural microelectrodes. Recent advances in neuroscience have enabled the exploration
of brain activity and neural disorders and allowed understanding of its mechanisms down to
the microscopic level. Neural recording technologies have remarkably contributed to this
understanding by revealing neuron activities and functional connectivity.

Neural interfacing devices have been utilized in various clinical applications including
cochlear and retinal implants, spinal and peripheral nerve interfaces, epilepsy monitoring
devices, and deep brain stimulators. Accordingly, soft materials are increasingly employed for
neural electrodes to provide mechanically compatible interfaces while minimizing trauma to
the neural tissue. Many polymers have been explored for development of tlexible neural
probes, including SU-8, polyimide, parylene, polydimethylsiloxane (PDMS), liquid crystal
polymers, cyclic olefin polymers, polymethyl methacrylate, polycarbonate, and polystyrene.
Combination of material properties, processing conditions, and performance demands
determine selection of a particular polymer for a device. However, implantation and
focalization of soft electrodes in soft tissues is challenging owing to additional tissue damage
caused by rigid auxiliary tools used for implantation, lengthy interface recovery and
micromotion of the soft electrode. In addition, the distance between the location pf electrodes
and neurons can reduce the quality of recording signals. The dilemma of choosing between
facile implantation of rigid probes and compatible interface of soft electrodes has called for the
evolution of materials and fabrication technigues for neuronal recording technology. Neuronal
recordings using current implantable microelectrode technologies have been found to be
inconsistent and/or unreliable in long-term assessments. This limitation ts the most significant
impediment toward the success of emerging cortical prostheses that rely on their recording
stability over the lifetime of patients who use such prosthetic devices. As an alternative to fixed
microelectrodes, movable microelectrodes have been suggested as a potential approach to
mitigate some of these limitations. Technologies that enable control of microelectrodes after
implantation remarkably enhance the ability to (a) isolate activity from single neurons (b}
maintain stable neuronal recordings over longer durations (¢) maintain the signal-to-noise ratio
in the neuronal recordings (d) seek neurons of interest after implantation. Accordingly, this
study proposes a novel movable neural microelectrode composed of flexible and biocompatible
microcantiievers coated with conjugated polymer nanotubes, which can potentially control the
position of its recording sites after implantation in brain tissue.

Accordingly, in certain embodiments, provided herein are flexible neural
microelectrodes based on conjugated polymer actuators for the development of movable and

implantable neural interface devices for modulating the position of electrode sites within brain

22



10

15

WO 2023/229656 PCT/US2022/073773

tissue or guiding insertion of neural probes along curved ftrajectories. The actuation of
polypyrrole nanofibers/nanotubes (PPy NFs/NTs) doped with polystyrene sulfonate (PSS) may
be utilized for articulating flexible neural probes with multiple movable projections employed
in the cerebral environment. Bilayer beam projections composed of a structural photoresist
(SU-8) layer, chromium and gold (Ci/Au) contact traces, and electroactive layer of PPy
NFs/NTs can be electrochemically actuated through cyclic voltammetry in artificial
cerebrospinal fluid (aCSF). In the present studies, the electrochemical properties and actuation
performance of the projections of varying length coated with PPy NFs/NTs were investigated
at various cyclic voltammetry (CV) scan rates in aCSF electrolyte. Additionally, the utilization
of the conjugated polymer nanotubes coating on the electrode projections and recording sites
improved signal recording, increased the charge capacity for stimulation, and can provide

actuation-controlled drug delivery.

I Non-Conductive and Conductive Polymers

The “non-conductive polymer” does not conduct electricity or conducts electricity
significantly less efficiently than conductive polymers. Without being bound by theory, non-
conductive polymers lack a conjugated n-system and thus electrons are not able to be
delocalized over an extended number of atoms. Non-limiting examples of non-conductive
polymers include polyester polymers, such as poly(lactide), poly(glycolide), poly(lactide-co-
glycolide), and polyanhydride polymers such as poly(serbacic acid) or polycaprolactone, or
substituted versions thereof. The non-conductive polymer may be applied as a composition
containing the non-conductive polymer and a quaternary ammonium salt.  Non-limiting
examples of suitable quaternary ammonium salts include benzyltriethylammonium chloride,
tetraethylammonium chloride, tetracthylammonium bromide, tetrabutylammonium hydroxide,
and tetrabutylammonium fluoride. When the non-conductive polymer is in a composition, the
composition comprises the non-conductive polymer from about 1% w/w to about 25% w/w.
In some embodiments, the composition comprises the non-conductive polymer from about 1%
wiw, 2% wiw, 3% w/w, 4% wiw, 5% w/w, 6% w/w, 7% wiw, 8% w/w, 9% w/w, 10% w/w,
12% wiw, 14% w/w, 16% wiw, 18% w/w, 20% w/w, to about 25% w/w.

The “conductive polymer” used in the present methods refers to an organic polymer
that conducts electricity. Without being bound by theory, conductive polymers comprise an
extended m-system in which adjacent m-orbitals overlap allowing for the delocalization of
electrons across the entirety of the n-system. The n-systemn may comprise alternating double

and/or triple bonds, hetercatoms, or a combination thereof. Non-limiting examples of
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conductive polymers include poly{pyrrole}, poly(thiophene), poly(acetylene), polyphenylene,
polyphenylene sulfide, poly(aniline), and substituted versions thereof, such as poly(3,4-

ethylenedioxythiophene} (PEDOT)

I Deposition and Electrochemical Polymerization Conditions

Conditions that can be modulated in order to promote, enhance, or accelerate deposition
of a non-conductive polymer applied by electrospray include, but are not limited to,
temperature, humidity, spinneret gauge, applied field, and flow rate. When a non-conductive
polymer or a composition thereof is applied to a conductive surface, the temperature is between
about 10 °C to about 50 °C. In some embodiments, the temperature is from about 10 °C, 15
°C 16 °C, 17 °C, 18 °C, 19 °C, 20 °C, 21 °C, 22 °C, 23 °C, 24 °C, 25 °C, 26 °C, 27 °C, 28 °C.,
29 °C, 30 °C, 35 °C, 40 °C, 45 °C, to about 50 °C. The humidity is from about 5% to 75%,
such as from about 25% to about 40%. In some embodiments, the humidity is from about 5%,
10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, to about 75%. The
non-conductive polymer or composition thereof is applied to the conducive surface via a
spinneret. The spinneret has a gauge of from about 20 to about 30. In some embodiments, the
gauge of the spinneret1s 20, 21, 22, 23, 24, 25,26, 27, 28, 29, or 30. When the non-conductive
polymer or a composition thereof is applied to a conductive surface, an electric field may be
applied. When such a field is applied, the applied field is from about 0.5 kV/m to about 1000
kV/m, such as from about 50 kV/m to about 200 kV/m, or such as from about 0.5 kV/m to
about 10 kV/m. In some embodiments, the applied field is from about 0.5 kV/m, 1 kV/m, 2
kV/im, 3 kV/m, 4 kV/m, 5 kV/m, 6 kV/m, 7 kV/m, 8 kV/m, 9 kV/m, 10 kV/m, 25 kV/m, 50
kV/m, 75 kV/m, 100 kV/m, 125 kV/m, 150 kV/m, 175 kV/m, to about 200 kV/m. When a
non-conductive polymer or composition thereof applied to a conductive surface, it is applied
with a flow rate from about 100 uL/hr to about 1000 ul./hr. In some embodiments, the flow
rate 18 from about 100 pL/hr, 200 ul/hr, 300 pL/hr, 400 pL/hr, 500 pL/hr, 600 pL/hr, 700
ul/hr, 800 uL/hr, 900 pul/hr, to about 1000 ul/hr.

Conditions that can be modulated in order to promote, enhance, or accelerate
electrochemical polymerization include, but are not limited to, monomer concentration,
temperature, use and concentration of dopants, configuration and mode of use of an electrical
source, and current density applied. When an electrical source is used in the electrochemical
polymerization of a monomer to obtain a conductive polymer, the electrical source is used in
the galvanostatic mode and the electrical source may used in various configuartions. In some

embodiments, a two-electrode configuration is used, while in other embodiments, a four-

24



10

WO 2023/229656 PCT/US2022/073773

electrode configuration is used. Polymerization of the monomer is achieved at a temperature
from about 10 °C to about 50 °C. In some embodiments, the temperature 1s from about 10 °C,
15°C, 16 °C, 17 °C, 18 °C, 19 °C, 20 °C, 21 °C, 22 °C, 23 °C, 24 °C, 25 °C, 26 °C, 27 °C, 28
°C, 29 °C, 30 °C, 35 °C, 40 °C, 45 °C, to about 50 °C. The concentration of the monomer of
the conductive polymer from about 0.05 M to about 2 M. In some embodiments, the
concentration of the monomer of the conductive polymer is from about 0.05 M, 0.1 M, 0.2 M,
03M,04M 05M06M 07M, 08M 09M, 1M 1.5M, to about 2 M. The monomer
may be polymerized while in solution and the solution may further comprise a dopant. Suitable
dopants are negatively charged and non-limiting examples of dopants include perchiorate,
dodecylbenzenesulfonate, p-toluenesulfonate, laminine fragment, fibronectin fragment, a
negatively charged nerve growth factor, or poly{(styrenesulfonate). Polymerization of the
monomer may further comprise applying a current density from about 0.01 mA/cm” to about 5
mA/cm?, such as from about 0.01 mA/cm? to about 5 mA/cm?. Polymerization of the monomer
may further comprise applying a charge density from about 1 mC/cm? to about 500 mC/em?,
such as from about 10 mC/em? to about 250 mC/em?, or such as from about 25 mC/em? to

about 250 mC/em?.

1il.  Biosensors and Bioelectronics

The long-term performance of biosensors and bioelectronics relies on biocompatibility
and sensitivity of the electrode-tissue interface. Microdevices prepared according to the
methods disclosed herein may be used to in biosensing and/or bicelectronic applications and
may enhance biocompatibility, biostability, efficacy, signal to noise ratio, charge-transfer
capacity, or abrogate undesirable immune response. Non-limiting examples of biosensors and
bioelectronics include neural electrodes. Current neural electrodes are lhimited by poor
electrical performance including high initial impedance and low charge storage capacity. In
addition, they are mechanically hard which causes cellular reactive response to the implanted
electrode. Neural electrodes comprising conducting polymer microstructures prepared
according to the methods disclosed herein offer an alternative and may exhibit higher levels of
biocompatibility.

In some embodiments of the present disclosure, devices such as electrodes comprising
conducting polymer coated microstructures disclosed herein can be used to provide for
electrical stimulating and sensing that can facilitate drug and bicactive substance delivery in a
controlied and specific manner. There are numerous configurations of electrode substrates

having drug delivery and nanofiltration capabilities presently contemplated by the present
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disclosure which can be successfully practiced. In various embodiments, the present disclosure
can be adapted to create fully integrated and more efficacious implanted electrodes for cortical
recording/stimulation, deep brain stimulators, peripheral nerve electrodes, cardiac anti-
arrythmia devices, muscle stimulation, surgical ablation (epilepsy treatments), pH monitoring,
glucose sensing, cochlear implants, and retinal prosthetics.

Devices comprising conducting polymer coated microdevices described herein can be
connected to power supplies which can include a battery, a direct wire to a DC or AC power
source, and can further include one or more switches or variable resistors to control the
electrical signal inputted to the conducting monomers for electrochemical polymerization
and/or for stimulating device to release stored bioactive substances to adjacent or localized
target cells or tissues. In various embodiments, the power source can be connected to a counter
electrode and/or reference electrode. In some embodiments, while in use, the electrodes can be
in contact with a physiological medium such as spinal fluid, blood, neurons, brain, heart and
muscle tissue. The devices can also be connected to sophisticated current delivery devices and
computers/CPUs, including pulse generators, radio frequency meodulators, counters and
recorders for electrical output and recording functions. Furthermore, in addition to the
advanced biomimetic features of the electrode substrate coated at least with a portion of
nanotubes and nanoparticles, the ability to deliver bioactive substances in response to electrical
stimulation provides a novel and improved modality in disease treatment and tissue
regeneration. Moreover, drug loaded conducting polymer nanotubes and nanoparticles are
highly biocompatible, having low electrical impedance, cell-attracting, high surface area,
electrically active coating for electrode-based biomedical devices.

The present disclosure provides devices for precisely controlled release of one or more
drug for electrically sensing and stimulating biomedical device applications. Targeted delivery
by the electrically conducting nanotubes can be performed precisely by releasing individual
drugs and bioactive substances at desired points in time using electrical stimulation of
conducting polymers. In accordance with the present disclosure, the methods described herein
provide a generally useful means for creating low impedance, biologically active polymer
coatings which can facilitate integration of electronically active devices with living tissues.
Other biomedical applications of the devices contemplated by the present disclosure include:

molecule-eluting, electrically active polymer nanotubes facilitating highly localized
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stimulation of neurite ocutgrowth and guidance for neural tissue regeneration using neurcnal
growth and difterentiation factors.

In some embodiments, the present disclosure provides for sensing devices having
spatially and temporally controlled drug delivery for ablation and pharmacological alteration
of specitic cell populations. The drug and bioactive substance loaded nanotubes of the present
disclosure can also be used for functionalizing microelectrodes on neural prostheses and
biosensors. However, the electrically conducting drug delivery devices comprising an electrode
substrate, having a network of electrically conductive nanotubes comprising biocompatible
non-degradable polymers or nanoparticles loaded with bioactive substances previously coated
with conducting, biocompatible, non-degradable polymers can also be expected to be applied
in a broad range of fields such as organic chemistry, biomedical engineering, and
pharmacology. The improved design represents a new generation of biomaterials that can
interact with living tissue including cells within and adjacent to biomedical device implantation
sites via signaling mechanisms that have until recently, been the exclusive domain of cells
themselves. Practical application of biological sensors comprising conducting polymer as
disclosed herein can include glucose detection.

In certain embodiments of the present disclosure, the conducting polymer nanoctubes
can be directly deposited within living tissue thereby reducing the likelithood of electrode
damage and tissue damage during and after electrode implantation. In certain embodiments,
the resulting cell-based conducting electrode can be in intimate contact with the plasma

membrane of living celis.

IV.  Definitions

The use of the word “a” or “an,” when used in conjunction with the term “comprising”
in the claims and/or the specification may mean “one,” but it is also consistent with the meaning
of “one or more,” “at least one,” and “one or more than one.”

Throughout this application, the term “around” when used in conjunction with the
ocation of the polymerization means that the polymer is deposited on at least one side of the
target object. In a preferred embodiment, the polymer is deposited on at least three sides.

The terms “comprise,” “have” and “include” are open-ended linking verbs. Any forms
or tenses of one or more of these verbs, such as “comprises,” “comprising,” “has,” “having,”
“includes” and “including,” are also open-ended. For example, any method that “comprises,”
“has” or “includes” one or more steps is not limited to possessing only those one or more steps

and also covers other unlisted steps.
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The term “effective,” as that term is used in the specification and/or claims, means
adequate to accomplish a desired, expected, or intended result. “Effective amount,”
“Therapeutically effective amount” or “pharmaceutically effective amount” when used in the
context of treating a patient or subject with a compound means that amount of the compound
which, when administered to a subject or patient for treating or preventing a disease, is an
amount sufficient to affect such treatment or prevention of the disease.

As used herein, the term “patient” or “subject” refers to a living mammalian organism,
such as a human, monkey, cow, sheep, goat, dog, cat, mouse, rat, guinea pig, or transgenic
species thereof. In certain embodiments, the patient or subject is a primate. Non-limiting
examples of human patients are adults, juveniles, infants and fetuses.

“Treatment” or “treating” includes (1) inhibiting a disease in a subject or patient
experiencing or displaying the pathology or symptomatology of the disease {e.g., arresting
further development of the pathology and/or symptomatology), (2) ameliorating a disease in a
subject or patient that is experiencing or displaying the pathology or symptomatology of the
disease (e.g., reversing the pathology and/or symptomatology), and/or (3} effecting any
measurable decrease in a disease in a subject or patient that is experiencing or displaying the
pathology or symptomatology of the disease.

The above definitions supersede any conflicting definition in any reference that is
incorporated by reference herein. The fact that certain terms are defined, however, should not
be considered as indicative that any term that is undefined is indefinite. Rather, all terms used
are believed to describe the disclosure in terms such that one of ordinary skill can appreciate

the scope and practice the present disclosure.
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Y. Examples

The following examples are included to demonstrate preferred embodiments of the
disclosure. It should be appreciated by those of skill in the art that the techniques disclosed in
the examples which follow represent techniques discovered by the inventor to function well in
the practice of the disclosure, and thus can be considered to constitute preferred modes for its
practice. However, those of skill in the art should, in light of the present disclosure, appreciate
that many changes can be made in the specific embodiments which are disclosed and still obtain

a like or similar result without departing from the spirit and scope of the disclosure.

Example 1 - Organic Semiconductor Nanotubes for Electrochemical Devices

A high-performance electrochemical device made of OS nanotubes (OSNTs) was
designed and developed. The performance of OSNTs device was assessed within two distinct
electrolytes, liquid and polymer-gel, to demonstrate the applications in agueous-based
environments with different range of viscosities. The OSNTs device exhibited low power
consumption/strain (~0.5 mW cm-2 %-1), large deformation (displacement ~7.88 mm; strain
~3.35%), fast response {speed ~1280 um/s; time <1s), and excelient actuation stability (>96.5%
after 25 hrs of continuous operation). These high-performance characteristics were ascribed to
the enormous surface area of OSNTs associated with large 1on exchange (mass flux ~167 g
cm-3), low elastic modulus (average ~6.79 MPa), high charge storage density (charge density
~448 mC cm-2), and large specific capacitance (~170 F g-1) of OSNTs,

To fabricate the OSNTs device, an electroactive layer of organic semiconductor
polypyrrole doped with polystyrene sulfonate (PSS} was electrodeposited around template
poly-L-lactide (PLLA) nanofibers that were previously electrospun onto a thin layer of gold
(Au) coated on a structural layer of flexible polypropylene (PP), followed by removal of PLLA
nanofiber templates (FIGS. 1A-C) PSS, a large anionic dopant, was embedded into OS
structure during electropolymerization to neutralize the positive charges of oxidized OS chains.
Given that large counterions are immobtile within the OS matrix, during redox reaction only
cations’/hydrated cations (here Na+) are exchanged between OS and electrolyte, resulting in
significant enhancement of output strain and bending deformation of actuator in comparison
with small counterions such as Ci0O4 [15a] The average diameter of PLLA nanofibers and the
resultant OSNTs (FIGS. 1D-E) were 140 +4 nm and 626 £16 nm, respectively (size distribution
histograms are given in FIG. 5). PLLA s a biodegradable material with extremely slow
degradation rate that can be processed into electrospun fibers, which remain stable during

electrochemical deposition.[11a] Cross-sectional scanning electron micrographs of the GSNTs
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layer confirmed the presence of widespread pores and nanotubular structure of OS, which
presumably facilitate charge storage with boosted ions transportation (FIGS. 1F-G). The
OSNTs were subjected to cyclic voltammetry (CV) in agueous sclution and 0.2 wt.% agarose
hydrogel both containing 0.1 M poly(sodium 4-styrenesulfonate) (NaPSS) (FIG. 6). Low
concentration gel polymer electrolytes with high ionic conductivity have been previously
utilized for energy storage [17] air working electrochemical actuators,[18] and biomedical
applications.[19] Agarose hydrogel 1s optically transparent and allows for transportation of
cations and/or solvated cations between the electrolyte and the actuator during CV cycling. The
CV potential sweep was carried out within a range of —0.8 to +0.4 V at various scan rates of
10, 50, 100, and 200 mV s-1. CV was used to investigate the electroactivity of GSNTs actuator
over a range of voltage and also conduct reversibie electro-mechanical stimulation at various
voltage scan rates.

The bending displacement of the actuator under CV cycling was investigated in both
liguid and gel electrolytes (FIGS. 2A-C). The actuator showed fully reversible bending
deformation under consecutive reduction-oxidation (redox) reactions in each cycle. The
primary mechanism for bending deformation is the volume change of OSNTs due to the
insertion and ejection of tons and solvent molecules into/out of the polymer matrix (F1G. 2ZA).
When ions and solvent enter the OSNTs, the polymer expands, and when they exit the OSNTs,

the polymer contracts according to the following reaction:

OSNTE RS Y + 9iNa™Y + 527

T b e T s e .
S WA & (ENT= $E S }"_(;{_.;&\‘Q» Sata Yy

where » represents the number of electrons (e7), m represents the number of solvent molecules
(8), OSNTsn+ is the oxidized state and OSNTs0 represents the neutral state. OSNTSO/PSS In
indicates that anion PSS is entrapped into OSNTSs as a dopant during electro-polymerization,
and OSNTsO(PSS n (Na+ )i (§)m indicates that Na+ cations and solvent molecules are inserted
as the OSNTs 1s reduced.[20] According to Equation 1, when the OSNTs are reduced, cations
{(here Na+) and solvent molecules (here water) migrate from the electrolyte to the polymer to
compensate the net charge and, resulting in swelling of the nanotubes. In contrast, when the
OSNTs are oxidized, Na+ cations and water molecules migrate from the polymer to the
electrolyte, leading to shrinkage of the nanotubes [12b] The in-plane actuation strain generated
upon reduction and oxidation of the OSNTs 18 converted into a bending deformation due to the
strain mismatch between the active OSNTs and the passive underneath layers at the interface.

FIGS. 2D-1 depict the induced current, mass flux (influx/efflux), and tip displacement

of the OSNTs actuator measured under a CV cycle at various scan rates of 10, 50, 100, and 200
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mV s-1 in both liquid electrolyte (FIGS. 2D, 2F, 2H) and gel electrolyte (FIGS. 2E, 2@, 21).
During the initial forward scan (7.e., potential swept from 0 to —0.8 V), reduction of the OSNTs
resulted in a steep increase in mass influx of cations into the O8SNTs and in actuator
displacement (counter-clockwise) (FIG. 7) as the potential swept to the cathodic peak potential,
followed by a gradual increment in both mass flux and displacement curves. Interestingly,
during the reverse scan (i.e., potential swept from —0.8 to +04 V), the mass flux and
displacement further increased to their maximum values where the cathodic current reached
zero at potentials —0.64, —0.61, —0.54, and —0.46 V in liquid electrolyte and -0.64, -0.59, -0.54,
and —0.43 V in gel electrolyte at the scan rates of 10, 50, 100, and 200 mV s-1, respectively.
As the anodic current increased (7.e., OSNTs were oxidized), both mass flux and displacement
values gradually decreased due to the effiux of Na+ cations with clockwise deflection of the
actuator. Subsequently, steep decreases were observed in the mass flux and displacement
curves as the potential swept to the anodic peak potential. These decreases continued till ali
cations were expelled from OSNTs and actuator returned to its original position as depicted in
inset FIGS. 2F-1. Furthermore, by increasing the potential, the mass flux slightly increased and
the actuator deflected counter—clockwise (i.e., displacement increased) (FIG. 7) likely due to
solvent transport into the OSNTs as an attempt to balance the osmotic pressure in the
system [21] As the scan rate decreased, the time-dependent diffusion of water molecules led to
a more significant increase in the mass flux and the resulting displacement (insets in FIGS. 2F-
I). Finally, during the second step of forward scan (7.e., potential swept from +04 Vo 0 V),
as OSNTs were still oxidized, the actuator mass flux and displacement remained unchanged or
slightly decreased. These results demonstrate that the actuator displacement can be precisely
controlied by adjusting the applied voltage and scan rate. Such precision control of actuator
displacement is an advantage in soft robotics and artificial muscles.

Next, the electro-chemo-mechanical response of the OSNTSs device was characterized
at various CV scan rates 10, 50, 100, and 200 mV s in liquid and gel electrolytes (FIG. 3).
Remarkably, the device exhibited the largest mass flux (~167 g/cm®), charge storage density
(~448 mC cm™), specific capacitance (~170 F g™}, maximum displacement (~7.88 mm), and
maximum strain (~3.35) at a scan rate of 10 mV s-1 in liquid electrolyte. In fact, the high
surface area to volume ratio along with high electrical conductivity and electrochemical
activity of OSNTs provide smooth pathways for adequate ion transport and accumulation. The
energy storage performance (i.e., charge storage density and specific capacitance} of the
present actuator exceeds those of reported OS based electrochemical actuators [22] An increase

in scan rate requires faster ion transport in the solvent and quicker intercalation and

31



10

20

[\
L

30

WO 2023/229656 PCT/US2022/073773

deintercalation of ions into/cut of GSNTs respectively. However, due to restricted mobility of
ions in an electrolyte under the influence of an electric field [23] at higher scan rates fewer ions
migrate into/out of polymer. Thus, the mass flux significantly declined (p <0.01) from 166.81
+8.12 t0 47.08 £4.15 g cm™ in the liquid electrolyte and from 142.38 £20.54 t0 34.38 £0.27 g
cm™ in the gel electrolyte when scan rate was increased from 10 to 200 mV s (FIG. 3C). It is
noteworthy that the charge storage density (FIG. 3D) and specific capacitance (FIG. 9)
significantly decreased from 447.9 17 to 193.15 £9.05 mC cm™ and from 169.7 6.7 t0 73.2
+£3.4 F g}, respectively in the liquid electrolyte and from 410.15 £33.95 to 195.45 £6.25 mC
cm™ and from 1554 £12.9t0 74.0 £2.4 F g7}, respectively in the gel electrolyte (p <0.01). In
addition, there was no statistically significant difference between the charge storage density
and specific capacitance of the actuator in liquid and gel electrolytes at same scan rates,
suggesting that OSNT actuators maintain the same electroactivity in both gel and liquid
electrolytes. Remarkably, the actuator generates a large maximum strain of 3.35% and a
maximum displacement of 7.88 mm in liquid electrolyte at scan rate 10 mV s (FIGS. 3E-F).
More importantly, at scan rate 200 mV s the actuator can generate a strain (1.24%) that is
greater compared with those reported previously {7, 22a, 22b, 24] Notably, maximum
displacement (FIG. 3E) and actuation strain (FIG. 3F) decreased with increasing scan rate,
presumably due to insufficient time for ion transport into/out of polymer at higher scan rates,
as discussed earlier. The smaller displacement observed in the gel electrolyte compared to
liquid can be attributed to the greater resistive forces exerted on the actuator by the surrounding
viscoelastic gel, compared to agueous solution.

To investigate the electrochemical dynamics of the device its speed, response time, and
generated actuation force were assessed. The instantaneous velocity of the actuator tip was
calculated from the rate of changes of the tip displacement (FIG. 14). As shown in FIG. 3G,
the maximum speed of actuator increased with increasing the scan rate. In liquid electrolyte,
the actuator exhibited a high maximum speed of 190 £10 pum s™' at scan rate 10 mV s and
impressively a higher maximum speed of 1280 £210 um s at scan rate 200 mV s}, Notably,
the actuator demonstrated faster response (<Is) at higher scan rates of 100 and 200 mV s’
(FIG. 3H), that are substantially improved compared with those observed in other OS-based
electrochemical actuators {e.g., OS film with response time of 5s and maximum speed of ~1000
um s1).[25] In addition to offering a high maximum speed and a fast response time, this
actuator was able to produce a large maximum force. It is worth nothing that the fast and large
deformation is attributed to the extensive surface area of OSNTs, facilitating quick ion motion

and accumulation.
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The generated actuation force (/) was calculated by the moment equation of motion
for a rigid body with variable mass that 1s submerged in a liquid. In fact, this equation relates

the moment of forces acting on the actuator to angular momentum, (FIG. 12, 13)
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where m0 is initial mass of actuator (~1360 ug), 4m 1s mass change, ni7 = dim/df is rate of mass
change (FIG. 14), é is deflection, v is velocity (FIG. 14), o 1s acceleration, / is actuator
thickness (~43.3 pum), & is actuator width (1 mm)}, / is actuator length (20 mm), Cd is drag
coefficient, p is electrolyte density (~1 g mm™), and g is gravitational acceleration constant
(9.81 m s7%). Prior modeling studies on bilayer CP actuators [12a, 26] operating in an electrolyte
solution were based on the classical beam theory [27] for metal bimorphs that bend upon
heating due to difference in thermal expansion coefficients (Timoshenko’s model),[28]
whereas the normal force and bending moment at any cross section of the beam are zero.
However, these models did not dynamically evaluate the actuator movement and did not
consider the effect of fluid forces exerted on the actuator to determine the generated actuation
force (i.e., blocking force). In contrast, the dynarmic model, the moment equation of motion for
a rigid body with variable mass that is submerged in a liquid, is more realistic and accurate as
it considers the motion of the actuator under action of forces in a fluid. The actuator generated
a force of 0.65 £0.10 uN in liquid electrolyte at the scan rate 200 mV s, Impressively, the
actuation force increased to 2.00 £0.12 uN as the scan rate decreased to 10 mV s, Similarly,
the generated actuation force had a substantial increase in gel electrolyte with decreasing the
scan rate (FIGS. 31 15).

The correlation between the generated actuation force and the resultant deflection at
various scan rates in liquid and gel electrolytes are plotted in FIGS. 3J-K. As shown, the
actuator exhibited a reversible linear relation between actuation force (Fuer) and detlection (6).
Interestingly, there was no significant difference between the slope of the plots in liquid and
gel electrolytes at all scan rates (p >0.05). Furthermore, the detlection of OSNTs actuator was
investigated according to Euler-Bernoulli’s composite beam theory [28]. Such a linear
relationship for a cantilever beam can be described by a modified form of deflection equation

as given in the below equation.
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where ¥ 1s a constant, / is actuator length, and (£ 15 the effective flexural nigidity of the
composite beam that can be obtained using transformed sections method (FIG. 10, 11, Table
1). Using this approach, a value of ¥ = 735 was obtained for the deflection equation,
interestingly, in both liquid and gel electrolytes and statistical analysis revealed no significant
difference {p >0.05) between y values obtained from deflection at various CV scan rates in
liquid and gel electrolytes (Table 23},

Considering that the actuation strain in the electrochemical actuator depends on the
electro-mechanical efficiency, the power consumption per generated strain is a particularly
relevant metric to evaluate the actuation’s performance. FIG. 4A illustrates the power
consumption/strain of the OSNTs actuator at various CV scan rates in liquid and gel
electrolytes. As shown, the power consumption/strain of the OSNTs actuator is within the

ranges of 0.5 — 9.1 mW c¢m? %™ in liquid electrolyte, and 9 — 159 mW cm™ %!

in gel
electrolyte. The low power consumption/strain values for the OSNTs actuator operating in
fiquid electrolyte mark a profound improvement compared with previously reported
electrochemical actuators operating in liquid [29] and air [4b, 24, 30] (FIG. 4A). Notably, the
OSNTs actuator yielded relatively low power consumption to strain in the gel electrolyte,
which is comparable with air operating actuators and much less than those operating in liquid
electrolyte. Such low power consumption/strain vastly raises their utility in various
applications where power consumption/strain is desired to be minimal with maximal yield and
actuation power.

Further, the long-term stability {(i.e., mechanical durability) of the OSNTs device over
a great number of actuations was evaluated (FIG. 4B} Remarkably, the OSNTs device showed
a bending stability >96.5% in liquid electrolyte over 15,000 actuations (25 hours of continuous
operation) at scan rate 200 mV s” {equivalent to cycling frequency 0.08 Hz). While electron
micrographs (FIGS. 4C-D) and optical micrographs (FIGS. 4E-F) did not indicate any obvious
mechanical damage or delamination of OSNTs over the course of actuation, the slight
degradation in actuator displacement (~3.5%) may be attributed to the nanoscale deformation
and stress relaxation in OSNTSs. These results suggest that the OSNTs actuator can effectively
operate in liquid and gel electrolytes and can mechanically endure a large number of actuations.
In fact, this OSNTs actuator exhibited superior long-term stability compared with previously
reported CP-based actuators operating in liquid electrolyte {e.g., CP film [31] with substantial
bending degradation after 11 hr). [31-32]
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In summary, this study presents a novel and versatile method for design and
development of electrochemical device, with OSNTs as the main constituent, capable of
operating in liguid and gel polymer electrolytes. The device exhibits excellent electrochemical
characteristics including, low power consumption/strain, large deformation, fast ion
transport/accumulation, tunable dynamics, and excellent actuation stability. This high
performance is attributed to the enormous surface area of OSNTs associated with large ion
exchange and accumulation, low elastic modulus, high charge storage density, and large
specific capacitance. The experimental studies of motion and mass transport along with
theoretical analysis of a body system with variable mass were utilized to establish the dynamics
of the actuator and to introduce a modified form of Euler-Bernoulli’s deflection equation for
the OSNTs actuator. Various types of chemically denived and functionalized organic
semiconductors can be formulated to further enhance electro-chemical-mechanical properties
of this device, exceeding the electrochemical performance. Considering these achievements
along with versatile application of OSNTs and OSNFs, {11a, 13d, 13e, 16] the OSNTs- based
electrochemical device may be utilized for advancement of next generation actuators in the

fields of soft robotics, artificial muscles, bioelectronics, and biomedical devices.

Example 2 — Materials and Methods

Materials: Poly(L-lactide) (PLLA, Resomer 210} with the inherent viscosity of 3.3-4.3
dL ¢ was purchased from Evonik Industries. Benzyl triethylammonium chloride and pyrrole
Py} (Mw = 67.09 g mol-1} were purchased from Fisher Scientific. Poly(sodium-p-styrene
sulfonate) (NaPSS, Mw = 70 kD) and chloroform were purchased from Acros-Organics.
Agarose powder (Agarose ITM, Gel strength > 1200 g cm™) was purchased from VWR Life
Science. 6 MHz Auw/Ti02 quartz crystal wrap-around electrodes were purchased from
Metrohm, USA. Biaxaally-oriented poly{propylene) (PP) films were obtained from backing
layer of Scotch removable double-sided tape (3MTM).

Fabrication of Nanoscale Fiber Templates: A homogeneous solution of PLLA (3 wt.%)
in chloroform was prepared by adding 230 mg PLLA in 5 ml chloroform and stirring the
mixture overnight at room temperature. To enhance the solution charge strength, 23 mg Benzyl
triethylammonium chloride (an organic salt) was added to the solution prior to stirring. PLLA
nanofibers were directly electrospun onto Au-coated substrates using a syringe pump with the
spinneret gauge of 23. The electrospinning process was carried out in an electric field of 0.91

kV cm™ with a flow rate of 50 pL hr'!, and a syringe-substrate distance of 11 cm for 6 min.

35



10

20

[\
L

30

WO 2023/229656 PCT/US2022/073773

Temperature and humidity were kept constant at 26°C and 30%, respectively. For the bilayer
beam actuator, the passive layer was a PP film (30 pm thick, 1 mm wide, and 20 mm long)
coated with a thin gold layer (~0.3 um, FIG. 8) using a desktop sputtering system (Denton Desk
) at 40 mA for 8 min. For electrochemical quartz crystal microbalance (EQCM)
measurements, PLLA nanofibers were electrospun on Au-coated quartz crystals (diameter ~6.7
mm) for T min using the same process parameters.

Llectrochemical Deposition of Organic semiconductor: 0.2 M electrolyte solution was
prepared by dissolving 277 ul Py monomer and 824 mg NaPSS in 20 ml deionized water.
Prior to electrodeposition, samples were kept in the electrolyte solution for 30 min to ensure
that the solution has completely diffused into the fiber interspaces. Then, the electrodeposition
was carried out at the current density of 0.5 mA ¢cm™ for 2 hrs. To fabricate OSNTs, PPy was
electropolymerized around template PLLA nanofibers, and then the template PLLA was
dissolved in chloroform to create OSNTs. The electrochemical deposition was performed using
an Autolab PGSTAT 128N (Metrohm, USA) in galvanostatic mode with a two-electrode
configuration at room temperature. For EQCM samples, electrodeposition was performed for
IS min using an Autolab EQCM kit in which a gold wire served as the counter electrode. For
bilayer beam actuator, samples were connected to the working electrode and a platinum (Pt)
foil served as the counter electrode.

Beam Actuation using Cyclic Voltammetry (CV): Actuation of the bilayer beam actuator
was performed using Autolab PGSTAT 128 in a three-electrode configuration with a saturated
Ag/AgCl reference electrode and a 1 cm X 2 em Pt foil as counter electrode (FIG. 6). The CV
was performed within the potential range of —0.8 to +0.4 V at various scan rates of 10, 50, 100,
and 200 mV s The actuation behavior of the constructed bilayer beam was assessed in
aqueous and agarose hydrogel (0.2 wt %) electrolytes containing 0.1 M NaPSS. To prepare the
aqueous electrolyte, 824 mg NaPSS was dissolved in 40 mi de-ionized water at room
temperature. For gel preparation, 80 mg agarose powder was added into 40 ml NaPSS solution
(0.1 M), and the slurry was heated in a microwave oven for 1 min to dissolve agarose in the
NaPSS solution. The agarose solution was then cooled down in refrigerator at 4 °C for 15 min.
Prior to actuation, all samples were primed in the NaPSS solution at the scan rate of 100 mV
s-1 for 10 cycles.

Flectrochemical Quartz Crystal Microbalance (EQCM) Measurements: The EQCM
measurement was carried out using Autolab PGSTAT 128N equipped with EQCM kit in a
three-electrode configuration with a saturated Ag/AgCl reference electrode and a gold counter

electrode. The mass measurements of OSNTs under CV was characterized in the liquid and gel
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electrolytes containing 0.1 M NaPSS8. The GSNTs were cycled in the potential range of -0.8
to +0.4 V (versus the Ag/AgCl reference electrode) for 20 cycles, at different scan rates of 10,
50, 100, and 200 mV s at room temperature. Prior to the measurements, a stable ion
concentration within the OS structure was ensured by subjecting the samples to S CV cycles at
the scan rate of 10 mV s The mass change was calculated using Sauerbrey’s equation which
correlates the frequency variation {Af) in quartz crystal oscillation to the change in mass (Am):
AF=—C{ Am

where Cf is a sensitivity factor that depends on the resonant frequency and operating
temperature of the quartz crystal. The value of Cf was 0.0815 Hz ng™ cm” for this 6 MHz
quartz crystal at 20°C. Compared to the actuator, a thinner layer of OSNTs (1.44 um) was used
for EQCM measurements to avoid viscoelastic effects. The mass change of the actuator was
estimated by multiplying the EQCM values by the volume ratio of OS layer on the actuator
and the EQCM sample (Volume ratio = 5).

Actuator Tip Kinematic Measurements. The bending deflection of the actuator was
recorded using a digital camera (Dino-Lite) with 30 frames per second. The recorded videos
were then processed using an open-source software (Tracker 5.0.6) to track the actuator tip
deflection upon actuation. The response time (tR) at the maximum tip deflections was
calculated by subtraction of the time that actuator positioned at the maximum deflection from
the time that stimulus cathodic current reached zero.

Mechanical Characterization of the Actuator: Elastic modulus of the actuator
components (i.e., OS film, Au layer, and OSNTs in both reduced and oxidized states) were
obtained by atomic force microscopy (AFM) in fluid in either contact mode and/or peak force
mode as appropriate and indicated below. Force-indentation curves were obtained on a Bruker
BioScope Resoive (Bruker nanoSurfaces, CA) AFM employing a ScanAssyst-Fluid+
cantilever (Bruker NanoSurfaces, CA) with a pyramidal tip (qualified tip radius ~ 3.26 nm),
nominal spring constant of 0.7 N m-1 assuming sample Poisson’s ratio as 0.5. Prior to
experimental samples, cantilever was calibrated on a silicon wafer in fluid. Force curves were
obtained in contact mode (n =7 to 10 locations, 4 force curves per location) and analyzed using
the Sneddon model. Elastic moduli were estimated using a custom MATLAB code.

Rheological Characterization of Liguid and gel electrolytes: The viscosity of 0.1 M
NaPSS8 solution and 0.2 wt.% agarose gel containing 0.1 M NaPSS was characterized using an

AR2000ex rheometer (TA instruments) at room temperature. Viscosity measurement was
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carried out within the shear rate of 10-3 — 10 s using a 40 mm parallel plate with a gap of 0.5
mm.

Structural Characterization of the Actuator: The surface morphology of PLLA
nanofibers and OSNTs were characterized using Field Emission Scanning Electron
Microscopy (FESEM, FEI 235) Samples were mounted on aluminum stubs by carbon tape and
a carbon paint was used for grounding. Prior to microscopy, non-conducive PLLA sample was
sputter-coated with a thin gold layer using Denton Sputter Coater for 45 s at 40 mA. Thickness
of actuator layers including gold and OSNTs were measured using materials confocal
microscopy (LSMS800 Zeiss, Germany). For higher precision, the gold and OSNTs were
constructed on a polished St wafer using the same processing parameters. Thickness profiles
and 3D surface topography of OSNTs layer (FIG. 8) were generated through a z-stack
experiment followed by step height analysis using Confomap software (Zeiss, Germany).

Statistical Analysis: The statistical significance of difference of data was performed by
one-way ANGOVA and post hoc test {Tukey's test) to analyze significances between sample
groups (Origin Pro, Northampton, MA). In this paper, all data are presented as mean + standard
error, unless otherwise noted.

Characterization of Fiber Dimensions: Scanning electron micrographs of the PLLA
nanofibers and OSNTs were used for fiber size measurements. The diameter of template PLLA
nanofibers and OSNTs were measured using Imagel software. Histograms of the diameter of
fibers were generated after 100 measurements (n = 100) (FIG. 5). The calculated diameter of
PLLA nanofibers and OSNTs were 140 +4 nm and 626 =16 nm, respectively.

FElectrode Configurations for Electrochemical Experimeni: As shown in FIG. 6, the
actuation experiment was performed using a three-electrode configuration in a transparent
rectangular cell. The actuator deflection was monitored and recorded using a digital camera
during cyclic voltammetry (CV). The actuator movement upon reduction and oxidation
processes is depicted as a schematic in FIG. 7.

Thickness Measurement of the Device Layers. The thickness of the sputtered gold (Au)
and the constructed OSNTs layer were measured using Zeiss Materials Confocal Microscope
(FIG. 8). The height profiles were generated using Ziess Confomap software. The Au and
OSNTs layers were constructed on a polished silicon (Si) water using the same processing
parameters as the beam actuator. In fact, the use of a flat surface of 81 wafer rather than the
rough polypropylene (PP} substrate provided more precise thickness profiles, especially for the

Au thin film. As shown in FIG. 8, the mean thickness of the Au and OSNTs layers constructed
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on the beam actuator were 309 nm and 12.8 pm, respectively. Also, the mean thickness of 1.44
um was obtained for the OSNTs constructed on the QCM crystals for mass flux measurements.

Calculation of Charge Storage Density and Specific Capacitance: The charge storage
density () and specific capacitance (CSP) of the OSNTs were calculated using following

equations:

where vv is CV san rate, 44 is surface area (20 mm > 1 mm), m is the mass of the OSNTs
layer (~440 ug), and AVis the potential window (AV=12 V).

Elastic Modulus of the Device Components: Elastic modulus of the device components,
including polypropylene (PP) film, Au coating, and OSNTs, were obtained by atomic force
microscopy (AFM) in fluid in either contact mode and/or peak force mode (FIG. 10). For all
force-indentation curves obtained, contact point was determined as described previously [1]
Contact point was also verified randomly using the conventional manual method. Elastic
moduli were only considered if curve fitting was greater than 98%, i.e., 12> 0.98. As expected,
the Au had the greatest elastic moduli at 20.55 £6.14 GPa followed by PP film with 595 +2.09
GPa. The ratio of moduli between oxidized OS (11.86 +6.85 MPa) and reduced OS (1.73 £0.49
MPa) was approximately 6.85:1. The obtained elastic moduli are summarized in Table 1. The
order of magnitude of obtained elastic moduli are in the range of those reported in the literature
measured by alternative methods. [2-4]

Table 1. Elastic modulus of the actuator components measured by AFM,

Component Elastic Modulus
Au coating 20.55+£6.14 GPa
Polypropylene 5.95+2.09 GPa
(PP) film

0S in reduced 1.73 £0.49 MPa
state

08 in oxidized 11.86 £ 685
state MPa

“alculation of Effective Modulus of The Composite Material: The effective elastic
modulus of the multilayer beam was determined by method of transformed sections, which
converts a multilayer beam into a transformed beam composed of only one material (FIG. 11).
According to this method, the transformation factor (ny) equals to the ratio of the elastic

modulus of transferred layer (7) respect to the reference layer {j) as given below:
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where 112 1s the transformation factor of PP layer, n32 is the transtormation factor of OSNTs
layer, Erp is the elastic modulus of PP, ENrs is the elastic modulus of OSNTs, and E4u is the
elastic modulus of Au.

The location of centroid yau of transformed composite beam to Au can be calculated

from the below equation.

sy
RIS E{;‘;E*’-‘*&&"f-‘x&?»‘\ T

where yi is the centroid of surface area Ai, #APP is the thickness of PP, Zn7s is the thickness of
OSNTs, and A4y is the thickness of Au, EP is the elastic modulus of PP | Ewrs is the elastic
modulus of OSNTs (Ents(reduction), Ent{oxidation)), and EAU 1s the elastic modulus of Au.
The area moment of inertia of composite beam relative to neutral axis can be calculated using
parallel-axis theorem. The area moment of inertia of a composite beam (I I/y) relative to
centrotd is sum of the area moments of inertia of all layers with respect to a specified reference

plane.

where [y( is the area moment of inertia of layer 7 relative to its centroid plane (yi), Al is the
transformed cross-section area of layer 7, and ¥ is the centroid of composite beam (neutral axis).
Therefore, the area of moment of inertia of transformed beam to Au (/ay) can be obtained

from the below equation.

where & is the width of actuator, frp 1s the thickness of PP, fivts is the thickness of OSNTs |
hauy 1s the thickness of Au, £pp is the elastic modulus of PP, Enys 1s the elastic modulus of

OSNTs (Enrs(reduction), Enrdoxidation}), Eauis the elastic modulus of Au, and AU is the
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focation of centroid (neutral axis) of transformed composite beam to Au. Ultimately, the
effective flexural rigidity of the composite beam (ET)err can be obtained using the following
equation.

CEN

2
_ ¥
= Ege fan

By substitution of the known values (4pp = 30 um, 24u= 309 nm, sivts = 12.8 um, b = 1 mm,
Epe = 5.95 GPa, Eay = 20.55 GPa, Fred Tuves= 1.73 MPa, Eox Twes= 11.86 MPa), the (ED)eff of
14828 uN mm? and 14884 uN mm? was obtained for the composite actuator in the reduced and
oxidized states, respectively.

Viscosity Measurement of The Liquid and Gel Electrolytes: The apparent viscosity of
the aqueous electrolyte and agarose hydrogel electrolyte containing 0.1 M NaPSS as a function
of shear rate is presented in FIG. 12. The measured viscosity values were used for calculation
of the drag coefficient. The equivalent velocity is obtained by multiplying the shear rate by the
gap between the two plates, i.e., 0.5 mm. Here, the shear rate range for viscosity measurement
was chosen according to the equivalent share rate of actuator velocity in liquid and gel
electrolytes at various scan rates. As shown in FIG. 12, both liquid and gel electrolytes display
a decreasing viscosity by increasing shear rate (shear-thinning), which is a typical behavior of
non-Newtonian fluids.

Calculation of Actuation Strain: The actuation strain was calculated from the beam
curvature using an equation previously developed for PPy-PSS bilayer microactutores as

follows [5]

y : R ———
LR L Rt e N S

where £ 15 actuation strain, k 1s beam curvature, 6 is beam deflection, 7 is the actuator length
(20 mm), Asub is the substrate thickness (30.3 pm), m s the thickness ratio (AP Py-PSS/hsub,
where hPPy~ PS5=12.8 um), and #» is the elastic modulus ratio (£PPy-PSS5/Esub). An effective
FLisub of 6.38 GPa was determined using the method of transformed sections as described
earlier.

Calculation of Actuation Force: The actuation force (Fact) generates during reduction
and oxidation of OSNTs can be calculated by the moment equation about the contact end (point

O in FIG. 13) of the actuator as generally expressed in the below equations.

| &

= = Ry = Fon ¥ 0

£,
7
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where X MO 13 sum of the moments exert on the actuator about its contact point O (about the
axis perpendicular to the plane of motion), HO is the rate of change of angular momentum
about the contact point O, / is the mass moment of inertia, /7 1s the rate of change of the mass
moment of inertia, wwis the angular velocity, and ww 1s the angular acceleration of actuator.
The forces exert on the center of mass of actuator are indicated in the free body diagram
depicted in Figure S9. In this figure, Fact is the actuation force; Fd is the drag force, which is
opposed to the vv vector; W and FB respectively are the weight and buoyancy forces.
Accordingly, the above equations can be combined and extended as given in the below

equation,

FaseiTh — Fa(th + [Fg — Wst

B L

fisreess]

here, Fa{t) and Fa(l) respectively are the actuation and drag forces; (¢} is the actuator tip
deflection; { is the actuator length, m(t) is the actuator mass; [G(t) is the mass moment of
inertia of the actuator about its center of mass (IG(O=(m(t)/ 12)[I*+/#*]), A is the total actuator
thickness); d is the distance between the center of mass and the contact point (d=21/2); w(?) is
the angular velocity {w(f)y=(v(t)y/!, where v() is the linear velocity); and a(t) is the angular
acceleration (a{t)y=(a(t))/l, where a(t) is the tangential acceleration). Now, by solving the

below eqution for Fau{t):
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where m(f) is the rate of mass change, and other variables are the same as defined earlier. It
should be noted that (£)=0+Am(t); where moO is the dry mass of actuator before immersion in
the electrolyte (m0= 135933 £71.39 pg), and Am{i) attributes to the mass change during
actuation.

The weight (W) and buoyancy (FB) forces are obtained using following equations:

B =mihig

—_ A
g = Vg

where, m(?) is the actuator mass, g is gravity constant, p is fluid density {for both liquid and
gel electrolytes p ~ 1000 Kgm—3), and }V is the volume of actuator submerged in the fluid
(V=hib; I actuator length, & actuator width, and 7 actuator thickness). The fluid drag force
imposed on the actuator, i.e., Fd(t), 1s calculated using Bernoulli's equation as displayed below.

Faiti==ogd o)t

Pk S g
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where Cd is the drag coefficient, 4 is the frontal area of actuator (4 =20 mm x 1 mm), pis the
fluid density, and v(t) is the velocity of actuator relative to fluid. Generally, the drag coefficient
is a function the object shape and Reynold’s number (Re) of the flow around the moving object.
The Reynold’s number for a perpendicular flow past a flat plate is defined as given in following

equation,

3]

where p is fluid density, v(t) is the actuator velocity relative to fluid, DDeets the characteristic
length of actuator (De= 20 mm), and g s fluid viscosity. Here, the obtained Re number for the
flow in both liquid and gel electrolytes was Ke <1, which implies that the flow around the
actuator is a laminar flow. Tomatika and Aot theoretically reported the Cd for flat plates
moving perpendicular to flow at low Re numbers in a viscous fluid (laminar flow).[6] They

reported this {d as a logarithmic function of Re number as given below.

Knowing the velocity (v(f)) of actuator in the liquid and gel electrolytes, we can obtain the Re
number and its corresponding Cd value at each time point. Then, by substitution of the obtained
Cdv alue, the Fu(f) imposed on the actuator in liquid and gel electrolytes is obtained. Finally,
using the measured values of Am(t), mi(t), 6(€), v(t), a(t) and also the calculated value of
£d{t), the Fac(t) at each time point can be determined.

Dyvnamic Measurements: The dynamics (kinematics, and kinetics) of the OSNTs
actuator were studies with variable mass to relate the action of forces on the actuator to their
resulting motion under linear potential waveform (CV) between -0.8 V and +0.4 V at various
scan rates (10 mV 57 to 200 mV s} (FIG. 14). The mass change (Am(t}) and the rate of mass
change (it )y=dm/dt) of the OSNTs during CV in liquid and gel electrolytes are depicted in
FIGS. 14C-F. It is noteworthy that the sign of rate of mass change indicates the direction of ion
migration at the electrolyte-OS interface (FIGS. 14E-F}); when the OS is reduced (negative
voltage) cations migrate from the electrolyte into the polymer and thus, the rate of mass change
is positive; when the OS 1s oxidized {positive voltage) cations migrate from the polymer to the
electrolyte and the rate of mass change is negative.

The actuator kinematics including tip deflection d¢z), tip velocity v(¥), and tip

acceleration (a(l)}) as a function of time during CV at various scan rates in both hiquid and gel
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electrolytes are demonstrated in FIGS. 14G-14L. FIGS. 14G-14H show a reversible nonlinear
deflection and a variable response time during linear potential sweep (CV) upon influx and
efftux of cations/hydrated cations. As cations/hydrated cations entered the OSNTs (reduction
process), the 6(7) had a steep increase to the inflection point, followed by a gradual increase to
the dmax. Inversely, as the OSNTs were oxidized and cations/hydrated cations left the polymer,
the &(1) gradually decreased to the inflection point and then steeply dropped to the initial
position. While the omax substantially decreased with increasing scan rate (from 7.88 +£0.49
mm to 2.53 £0.4 mm in the liquid electrolyte, and from 0.42 £0.05 mm to 0.14 £0.02Z mm in
the gel electrolyte, as the scan rate respectively increased from 10 to 200 mV s-1, p <0.01}); the
speed of actuator significantly escalated (p <0.01) with the scan rate increments (FIGS. 141-]}.
In particular, in the hiquid electrolyte, the absolute value of the maximum and minimum

velocities (|vanax

and |vmin|) at the inflection points significantly increased from 0.19 £0.01
mm s-1 and 0.15 £0.01 mm s for 10 mV s scan rate to 1.28 £0.21 mm s™ and 0.96 £0.16

mm s-1 for 200 mV s

scan rate {p <0.01). In the gel electrolyte, the absolute value of the
velocities {vmax| and |vmin| at the inflection points remarkably increased from 0.02540.012 mm
5 and 0.016 +£0.008 mm s for 10 mV s scan rate to 0.063 £0.005 mm s and 0.052 £0.004
mm s” for 200 mV s™ scan rate, respectively (p <0.01). The actuator dynamics including the
calculated drag force (Fd(1)) and actuation force (Fact(t)) under CV cycling at various scan
rates in liquid and gel electrolytes are presented as a function of time in FIG. 15

The correlation between the generated actuation force and the resultant detlection in a
CV cycle at vartous scan rates in liquid and gel electrolytes are plotted in FIGS. 3J-3K in the
main text. As observed, the actuator exhibited a reversible linear relation between actuation
force Facdt) and deflection 8(t). Interestingly, there was no significant difference between the

slope of the plots (#-7) in liquid and gel electrolytes at all scan rates (= 3.95 £0.09, Table 2).

The deflection of OSNTs actuator was further investigated according to Euler-
Bernoulli’s composite beam theory. Such a linear relationship for a cantilever beam can be

described by a modified form of deflection equation.

where ¥ is a constant, { is the actuator length, and (ET)eft is the effective flexural rigidity of the
composite beam that was obtained above The calculated y values for various scan rates in

fiquid and gel electrolytes are given in Table 2. Statistical analysis demonstrated that there was
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no significant difference (p <0.001) in values of ¥ among different scan rates in liquid and gel

electrolytes.

Table 2. Calculated £ and y values at various scan rates in liquid and gel electrolytes.

FElectrolyte | Scan rate Breduction} | f(Oxidation) | y{reduction} | y(Oxidation)
(mV s-1)

Liguid 10 3.88+0.01 392+£0.02 7.2+002 7.29+0.02
50 382+002 |400+002 7084004 |744+003
100 398+006 1413+£0602 738+£0.15 17.69+£0.03
200 401£02 421+0.06 743037 1784+011

Gel 10 3.88+0.01 3.92+0.02 7.2+0.02 7.29+0.02
50 382+002 1400£0602 7.08+0.04 7.44+0.03
100 398006 (413002 7.38+0.15 7.69 + (.03
200 401+02 421+06 7.43£0.37 7.84+0.11

Example 3 - High Performance Movable Bioelectronics and Biosensors with Tunable
Bynamics Based on Conjugated Polymer Nanofibers and Nanotubes

This work demonstrates the utilization of conjugated polymer nanofiber-based
actuators for development of movable and flexible neural microelectrodes. Here, a novel
strategy is provided to steer the neural electrode projections as a way to deploy electrode sites
away from the probe. First, SU-8 based probes were microfabricated with Ci/Au
projections/recording sites using standard photolithography, and then the projection sites were
articulated with conjugate polymer coatings to enable the probes for controlled
actuation/movement. The electroactive coatings were created through electrochemical
deposition of polypyrrole on the projection sites in the form of thin films and/or randomly
oriented nanofibers. The actuation and electrochemical performance of the fabricated probes
was investigated under cerebral physiological conditions. Remarkably, the electrode
projections of 50 um wide with varying length of 0.5 mm and 1 mm were able to deflect ~87
um and ~262 um away in artificial cerebrospinal fluid (aCSF), respectively. Given that immune
response encapsulation of typical neural probes of 100 — 200 um width occurs within 50 - 100
um of the probe [15, 33], this approach may be feasible to place electrode sites in more
favorable recording environments.

Structural design of probe devices: The optical images of the fabricated probes with

two and three actuating projections are shown in
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F. Asindicated, each projection includes a rectangular segment for actuation along with
a round site at the projection tip for signal recording. In addition, a fixed recording site has
been placed on the device body next to the projection at the same vertical position as the
movable recording site.

Morphology of conjugated polymer coatings: To create movable projections, the
projection segments of the microfabricated probes were coated with an electroactive layer of
PPy in the form of film (FIGS. 19A-C) and randomly oriented PPy nanofibers (PPy NFs)
(FIGS. 19D-F). To make PPy NFs layer, PLLA template nanofibers were first electrospun onto
gold projections and then they were coated with PPy through electropolymerization process
(FIG. 20). The thickness of the resultant PPy layer was controlled by the electrodeposition time
and the applied current density, as well. For a comparable study between PPy film and PPy
NFs, PPy electrodeposition was conducted at the same current density (0.5 mA/cm?®) and for
the same deposition time (2 hrs) in both PPy forms. Construction of the PPy active layer on the
gold-coated SU-B passive layer forms a bilaver bending beam actuator, which is responsible
for electrochemical actuation of the probe projections. Comparing the SEM itmages in FIGS.
19C-F, the PPy film formed a continuous coating on the projection surface, while the PPy NFs
formed a much porous layer with extremely high surface to volume ratio.

Flectrochemical impedance measurements: Electrochemical impedance spectroscopy
was used to investigate and compare the electrical conductivity of the projection sites after
coating with PPy film and PPy NFs. As demonstrated in FIGS. 21 A-B, the impedance of the
gold projections was dramatically decreased after coating with PPy film or PPy NFs. For two
projections probes, PPy NFs coating exhibited lower impedance across the whole frequency
range {1-10° Hz) than PPy film (FIG. 21A). This is attributed to the higher effective surface
area of the PPy nanofibers compared with the film counterpart. However, for three projections
probes, PPy NFs coating resulted in a lower impedance at frequencies <100 Hz (FIG. 21A).
The phase angle and Nyquist plots in FIGS. 21C-F demonstrate the resistance and capacitance
properties of projection sites. As observed in FIGS. 21C-D, the gold projection is
predominantly capacitive over the whole frequency range, while both PPy film and PPy NFs
coatings decreased the capacitive component of the probes within the frequency range,
especially at high frequencies. Noticeably, in probes with three projections, PPy NFs coating
exhibited very low capacitive response than film counterpart (FIG. 21D). According to Nyquist
plots demonstrated in FIGS. 21E-F, both PPy coatings dramatically decreased the real {(Z') and
imaginary (Z") impedances. In addition, the PPy NFs coating resulted in lower Z" and Z" values

than PPy film that is due to higher effective surface area of PPy NFs. In general, these results
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confirm that PPy NFs offers improved electrical conductivity over the film counterpart.
Accordingly, the PPy NFs were utilized for the following actuation studies.

Actuation performance of the probe devices: The actuation performance of the probe
projections coated with PPy NFS were investigated in aCSF electrolyte under cyclic
voltammetry (CV). The CV response of the probes with two and three projections at various
scan rates of 50, 100, 200, and 1200 mV/s and within the potential range of -0.8 to +0.4 V are
presented in FIG. 22. According to the CV curves, the PPy NFs are reduced by applying
negative potentials (from 0 V to -0.8 V), then by reversing the potential direction towards
positive values they are oxidized. As observed in FIG. 22, the probes with 1 mm projection
sites induced higher currents than the probes with 0.5 mm projections. This is presumably due
to larger total area of the probes with two projections than that of probes with three projections.

The reduction/oxidation reactions occurs during CV induce volume changes
(swelling/shrinking) in the PPy NFs layer, which is responsible for bending movement of the
probe projections {(FIG. 23). As the PPy NFs are reduced, the solvated cations are inserted into
the PPy matrix doped with large PSS counterions, so the PPy NFs expand. Subsequently, as
the PPy NFs are oxidized, the solvated cations leave the PPy matrix, therefore, the PPy NFs
shrink. This microactuation of the PPy NFs is manifested in macroscale motion of the
projection sites. As illustrated in FIG. 23, the PPy coated projections bend outward under the
reduction process (PPy NFs expansion), and then they become straight and return to their initial
position (in the probe plane) upon subsequent oxidation process.

The charge storage density of the PPy-coated projections sites under electrical
stimulation in aCSF electrolyte at various CV scan rates are presented in FIG. 24A. As seen in
this figure, the charge storage density of the projection sites was slightly decreased with
increasing the scan rate from 50 mV/s to 200 mV/s. However, the charge storage density
significantly decreased as the scan rate increased to 1200 mV/s. The mixed ionic and electronic
conductivity of conjugated polymers is responsible for their scan rate-dependent actuation
response. In fact, the ionic conductivity requires diffusion/transportation of ions, which is a
time-dependent phenomenon. By elevating the CV scan rate, the transportation of ions is
restricted, therefore, the 1onic conductivity and the resultant charge storage density decrease.
For probe projections with T mm length, the charge storage density of 448.9, 434, 432 8, and
313.4 mC/em?® were respectively obtained at 50, 100, 200, and 1200 mV/s. For probe
projections with 0.5 mm length, the charge storage density of 222, 208.1, 172.4, and 31.2

mC/cm?® were obtained at the scan rates of 50, 100, 200, and 1200 mV/s, respectively.

47



10

20

WO 2023/229656 PCT/US2022/073773

The projections displacement in aCSF electrolyte under CV at various scan rates were
measured and presented in FIG 24B. As shown, the projection displacement slightly reduced
by increasing the CV scan rate from 50 mV/s to 200 mV/s. However, the projections
displacement considerably decreased by increasing the scan rate to 1200 mV/s. For | mm long
projections, the maximum displacement of 267 um, 252 um, 248 um, and 129 pm were
respectively obtained at scan rates of 50 mV/s, 100 mV/s, 200 mV/s, and 1200 mV/s. For
projections with 0.5 mm length, the maximum displacement of 87.5 um, 80 um, 79 um, and
30 um were obtained at the scan rates of 50 mV/s, 100 mV/s, 200 mV/s, and 1200 mV/s, and
respectively. The reduction in the projections displacement is attributed to the limited ions
transportation into/out of the PPy NFs at higher scan rates. These results are in accordance with
the limited charge storage density of the PPy NFs as the scan rate elevates (FIG. 24A).

This study demonstrated utilization of conducting polymer nanofibers for articulating
movable neural probes. Flexible SU-8 based microelectrodes with two and three projection
sites were successfully fabricated using standard photolithography. To make movable probe
devices, the projection sites were coated with PPy NFs with enhanced electrical properties than
film counterparts. The electrode projections of 50 pm wide with varying length of 0.5 mm and
I mm were able to deflect ~87 pum and ~267 pum away, respectively, in artificial cerebrospinal
fluid (aCSF) under CV actuation. The long-term performance of the actuating projections in
aCSF was restricted due to electrochemical induced precipitation of calcium phosphate on the
on the projections surface. The results of this study may open a new window for development

of flexible and movable neural probes.

Example 4 — Materials and Methods

SU-8 3005 (negative photoresist) was purchased from MicroChem (Westborough,
MA). Positive photoresist (K1.6003), 0.26N TMAH Developer, and SU-8 Developer were
supplied from Kemlab Inc (Woburn, MA). Plastic photomasks with probe patterns were
provided from CAD/Art Service Inc. Cr/glass masks pre-coated with a 500 nm positive
photoresist were purchased from Nanofilm (Westlake Village, CA) and patterned with Cr
Etchant from MicroChem. Thermal oxide silicon wafers (5102 on Si, oxide thickness = 2 um)
were supplied from UniversityWafer Inc. Poly(L-lactide) (PLLA, Resomer 210} with the
inherent viscosity of 33 - 4.3 dL/g was purchased from Evonik Industries. Benzyl
triethylammoniaom chloride and pyrrole (My = 67.09 g/mol) were supplied from Fisher

Scientific. Poly(sodium-p-styrene sulfonate) (NaPSS, My, = 70 kD) and chloroform were
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purchased from Acros-Organics. All ingredients for preparation of aCSF, including NaCl, KCi,
CaCl, 2H,O, MgCh.6H,0, NaHPO4;.7H,0, NaHhPOs H:O, were supplied from Sigma
Aldrich.

Device design and fabrication: In this work, two series of probes with two and three
electrode projections of the same width (50 um) and thickness (~13 um), but different lengths
{1 mm for probes with two projections and 0.5 mm for probes with three projections} were
designed as schemed in

F6. For in vifro assessments, the electrical traces to the actuating segments {projections)
were coupled together. Devices were fabricated using standard photolithography technique at
the Nanofabrication Facility at the University of Houston,

The device was fabricated through layer-by-layer photolithography and etching
processes. FHach layer was patterned using a designed photomask (total of six different
photomasks, one for alignment marks and five masks for device patterns) for a 4 inch water.
In this work, inexpensive plastic photomasks were first used for photolithography, but then
switched to Cr/glass masks for their higher quality and ease of processing. The patterns on
plastic photomasks were transferred onto Cr/glass masks already coated with a thin layer of
positive photoresist. To transfer the patterns, the plastic photomask was placed on the
photoresist coated Cr/glass mask and UV exposed at 12.5 mj/cm? for 7.2 s. Afterwards, the
exposed photoresist layer was developed in 0.26N TMAH Developer for 60 s. The patterned
Cr/glass mask was wet etched using Cr etchant to create patterns on the mask (etching time =
5 min). After etching, the remaining photoresist coating was dissolved in Acetone.

The probe fabrication process is overviewed in FIG. 17 and described hereunder:

A silicon wafer (FIG. 17A) with a thermal oxide layer (5i10;, 2 pm thick) was used as
the substrate. The oxide layer served as the final release layer (FIG. 17B).

Patterning and development of first SU-8 layer: a SU-8 layer (~8 um thick) was spun
coated (at 1000 rpm for 30 s) onto the substrate and soft baked at 105°C for 15 min (very slow
heating/cooling). To create the projection gap (

F(c)), the SU-8 layer was patterned using Mask 1 under UV exposure at 12.5 mj/cm?
for 16 s. For post exposure baking, the exposed layer was slowly heated to 95°C and kept for 3
min and then slowly cooled down to room temperature. The exposed SU-8 layer was developed
through immersion in SU-8 developer for 3 min, while shaking.

Deposition of first Cr/Au traces: A thin layer (~2 pm) of positive liftoff resist (KL6003)
was spun coated on the wafer at 2500 rpm for 45 s and soft baked at 105°C for 3 min. Then,

the baked layer was UV exposed and patterned using Mask 2 at 12.5 mj/em? for 8 s (FIG. 17D).
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The exposed layer was developed by immersion in 0.26N TMAH developer for 60 s. The
patterned water was first descummed in oxygen plasma at 100 W for min, and then coated with
a thin layer of Cr/Au (Cr thickness = 10 nm, Au thickness = 100 nm) using e-beam evaporation
system {Thermionics evaporator). After Cr/Au deposition, the lifioff resist was removed
through bath sonication in acetone (FIG. 17E).

Patterning and development of second SU-8 layer (insulating layer, FIG. 17F}): a layer
(~5 um) of SU-8 was spun coated on the wafer (at 3000 rpm for 30 s) and soft baked at 105°C
for 20 min (very slow heating/cooling). Then, the SU-8 layer was UV exposed and patterned
using Mask 3 at 12.5 mj/cm? for 16 s. For post exposure baking, the exposed layer was slowly
heated to 95°C and kept for 5 min and then slowly cooled down to room temperature. The
exposed SU-8 layer was developed by immersion in SU-8 developer for 2.5 min (FIG. 17F).
The developed SU-8 layers were hard baked at 150°C for 10 min.

Deposition of second Cr/Au traces: A thin layer (~2 pum) of positive liftoft resist was
spun coated on the wafer at 2500 rpm for 45 s and soft baked at 105°C for 3 min (FIG. 17G).
Then, the baked layer was UV exposed and patterned using Mask 4 at 12.5 mj/cm? for 8 5. The
exposed layer was developed by immersion in 0.26N TMAH developer for 60 5. The patterned
layer was first descummed in oxygen plasma at 100 W for 5 min and then coated with a thin
layer of Cr/Au (Cr thickness = 10 nm, Au thickness = 100 nm) through e-beam evaporation.
After Cr/Au deposition, the liftoff resist was removed using bath sonication in acetone (FIG.
17H).

Patterning and development of third SU-8 layer (FIG. 171); a SU-8 layer (~5 um) was
spun coated on the water (at 3000 rpm for 30 s) and soft baked at 105°C for 20 min (very slow
heating/cooling). The baked SU-8 layer was UV exposed and patterned using Mask 5 at 12.5
mj/cm? for 12 5. For post exposure baking, the exposed layer was slowly heated to 95°C and
kept for 5 min and then slowly cooled down to room temperature. The exposed SU-8 layer was
developed by immersion in SU-8 developer for 2.5 min (FIG. 171). The developed SU-8 layers
were hard baked at 150°C for 15 min.

To release the probe devices from the substrate, the wafer was immersed in HF solution
(30%) to remove the sacrificial S10; layer (FIG. 17]). The released probes were collected trom
the HF solution and transferred to water containers for serial wash. Ultimately, the fabricated
probes were annealed at 200 °C to release the residual stresses in the SU-8 layers.

Coating of device projections with conjugated polymer filim: The projections sites of
the fabricated devices were electrochemically coated with an electroactive layer of polypyrrole

(PPy) film. PPy was electrodeposited on the projection sites using 0.2 M pyrroie PSS aqueous
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electrolyte at the current density of 0.5 mA/cm? for 2 hrs using Autolab PGSTAT 128N
(Metrohm, USA) in galvanostatic mode with a two-electrode configuration at room
temperature.

Coating of device projections with conjugated polymer nanofibers: To construct PPy
nanofibers (PPy NFs) on the projection sites, first template poly(L-lactide) (PLLA) nanofibers
were electrospun onto the gold projection sites and then PPy electrodeposited around the
template nanofibers. For electrospinning, a homogeneous solution of PLLA (3 wt.%) in
chloroform was prepared by adding 230 mg PLLA in 5 ml chloroform and stirring the mixture
overnight at room temperature. To enhance the solution charge strength, 23 mg Benzyl
triethylammonium chloride (an organic salt) was added to the solution prior to stirring. PLLA
template nanofibers were electrospun using a syringe pump with the spinneret gauge of 23, an
electric field of 0.91 kV/cm, a flow rate of 50 ub/hr, and a syringe-substrate distance of 11 cm
for 30 5. Temperature and humidity were kept constant at 26°C and 30%, respectively. For PPy
deposition, 0.2 M pyrrole:PSS aqueous electrolyte was prepared by dissolving 277 uL pyrrole
monomer and 824 mg NaPSS$ in 20 ml deionized water. Prior to electrodeposition, the probe
device was kept in the electrolyte for 30 min to ensure that the solution has completely diffused
into the fiber interspaces. Then, the electrodeposition was carried out at the current density of
0.5 mA/cm? for 2 hrs. Ultimately, to remove the uncoated template nanofibers from the
surrounding areas of projection sites, the probe device was immersed in chioroform for 30s.

Preparation of artificial cerebrospinal fluid (aCSI). To prepare the aCSF, first two
different solutions containing the aCSF compounds were prepared. Solution A was composed
of 8.66 g NaCl, 0.224 g KCl, 0.206 g CaCh.2H>0, and 0.163 g MgCl.6H0 in 500 ml
deionized water. Solution B was composed of 0214 g NaHPO47H:;O and 0.027 ¢
NaH;PO4. H>O in 500 ml deionized water. Then, an equal volume of solutions (1:1 ratio) were
mixed to end up with a multivalent physiological 1on solution of aCSF.

Projections actuation using cyclic voltammetry. Actuation of the probe projections was
performed through cyclic voltammetry (CV) using Autolab PGSTAT 128 1o a three-electrode
configuration with a saturated Ag/AgCl reference electrode and a 1 x 2 cm Pt foil as counter
electrode. The CV was performed within the potential range of —0.8 to +0.4 V at various scan
rates of 50, 100, 200, and 1200 mV/s. The actuation behavior of the probe devices was assessed
in aCSF electrolyte. Prior to actuation, the probe projections were primed in the electrolyte at
100 mV/s for ten cycles.

Electrochemical impedance  spectroscopy (EIS). An Autolab PGSTATIZ and

Frequency Response Analyzer software (EcoChemie B. V., Netherlands) were used to record
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impedance spectra of electrodesites for the neural probes. The impendance measurement was
conducted in the aCSF electrolyte using a three-electrode cell configuration. The working
electrode was connected to electrode site through a connector. The counter electrode was
connected to a platinum foil that was placed in the cell container, and an Ag/AgCl electrode
was used as reference electrode. An AC sinusoidal signal of 5 mV in amplitude was used to
record the impedance over a frequency range of 1-10° Hz.

Projection deflection measurement. The bending deflection of the probe projection was
recorded using a digital camera (Dino-Lite) with 30 frames per second. The recorded videos
were then processed using an open-source software (Tracker 5.0.6) to measure the projection
deflection upon actuation.

Structural characterization of the probe devices. The structure evaluation of the
fabricated probes was performed using optical upright and stereo microscopes (Carl Zeiss
Imager Z1, Germany). The surface morphology of the probe projections after coating with
conjugated polymer layer was characterized using Field Emission Scanning Electron
Microscopy (FESEM, FEI 235). Samples were mounted on aluminum stubs by carbon tape and
a carbon paint was used for grounding. Prior to microscopy, probes were sputter-coated with a
thin layer of gold using Denton Sputter Coater for 60 s at 40 mA.

The shape and geometry of the microprobe is similar to implantable Michigan neural
electrodes.[13e, 33] Using standard layer-by-layer photolithography processes, a miniaturized
device was microfabricated consisting of three gold-coated cantilevers (500 pm x 50 pm,
marked as “P7), six gold circular electrode sites (30 um diameter, marked “Q”), and nine
squared contact pads (150 pm x 150 um, marked “R”) on a 13 um polymer substrate (FIGS.
20A-B). Each cantilever and electrode site has a separate circuit and is connected to an
individual contact pad by 20 um wide gold traces. Finally, the miniaturized device was
assembled on a printed circuit board and wire-bonded to the board through the contact pads
(FIG. 20C). As shown in FIGS. 20D-E, the OSNTs were coated on the microcantilevers (P)
and were subjected to CV potential sweeps (within a range of 0.8 to +0.4 V at various scan
rates of 50 to 200 mV s'}. The displacement of each microcantilever was separately controlled
by adjusting the scan rate {e.g., a displacement of ~80 um was obtained at scan rate 200 mVsg’
! FIG. 20D). To assess the effect of microcantilevers deflection on electrical performance of
the movable electrode sites () located on the tip of microcantilevers, the impedance of the
electrodes was measured before and after actuation and was compared with that of the fixed
reference electrodes. Notably, the impedance of the bare gold electrode sites remained the same

as before actuation (~190 kQ at 1 kHz, FIG. 24). This microprobe can be potentially implanted
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in the brain and neural signal recordings which are adversely affected by reactive tissue
responses and/or displacement of the neurons®* may be enhanced by adjusting the position of
recording sites () located on the movable microcantilevers (P).

Performance and Durability: Considering that the actuation strain in the
electrochemical actuator depends on the electro-mechanical efficiency, the power consumption
per generated strain is a particularly relevant metric to evaluate the actuation’s performance.
FIG. 26A illustrates the power consumption/strain of the OSNTs actuator at various CV scan
rates in liquid and gel electrolytes. As shown, the power consumption/strain of the OSNTs
actuator is within the ranges of 0.5 — 9.1 mW cm™ %! in liquid electrolyte, and 9 — 159 mW
em™ %1 in gel electrolyte. The low power consumption/strain values for the OSNTs actuator
operating in liquid electrolyte mark a profound improvement compared with previously
reported electrochemical actuators operating in liquid!®! and airl*® 2% 1 (FIG. 26A). Notably,
the OSNTs actuator yielded relatively low power consumption to strain in the gel electrolyte,
which is comparable with air operating actuators and much less than those operating in liquid
electrolyte. Such low power consumption/strain vastly raises their wutility in various
applications where power consumption/strain is desired to be minimal with maximal yield and
actuation power.

Further, the long-term stability (7.e., mechanical durability) of the OSNTs device was
evaluated over a great number of actuations (FIG. 27B). Remarkably, the OSNTs device
showed a bending stability >96.5% 1n liquid electrolyte over 15,000 actuations (25 hours of
continuous operation) at scan rate 200 mV s™! (equivalent to cycling frequency 0.08 Hz). While
electron micrographs (FIG. 27C-D) and optical micrographs (FIG. 27E-F) did not indicate any
obvious mechanical damage or delamination of OSNTs over the course of actuation, the slight
degradation in actuator displacement (~3.5%) may be attributed to the nanoscale deformation
and stress relaxation in OSNTs. These results suggest that the OSNTSs actuator can effectively
operate in liquid and gel electrolytes and can mechanically endure a large number of actuations.
In fact, this OSNTs actuator exhibited superior long-term stability compared with previously
reported CP-based actuators operating in liquid electrolyte (e.g., CP filmI*! with substantial

bending degradation after 11 hr) B2

EE O A O B A

All of the compositions and/or methods disclosed and claimed herein can be made and

executed without undue experimentation in light of the present disclosure. While the
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compositions and methods of this disclsoure have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that variations may be applied to
the compositions and/or methods and in the steps or in the sequence of steps of the method
described herein without departing from the concept, spirit and scope of the disclsoure. More
specifically, it will be apparent that certain agents which are both chemically and
physiologically related may be substituted for the agents described herein while the same or
sirailar results would be achieved. All such similar substitutes and modifications apparent to
those skilled in the art are deemed to be within the spirit, scope and concept of the disclsoure

as defined by the appended claims.
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WHAT IS CLAIMED:

I

A neural probe device comprising at least one movable projection and organic
semiconductor nanotubes (OSNTs) comprising at least one conducting polymer and a

dopant.

The neural probe of claim 1, wherein the nanoctubes have a diameter of about 500 nm
to about 700 nm, about 600 nm to about 650 nm, or about 610 to about 645 nm,

preferably

1) wherein the at least one conducting polymer is polypyrrole, polyaniline, or poly3.4-

ethylenedioxythiophene, and/or
it) wherein the dopant is a negatively charged molecule, and/or
ii1) wherein the dopant is polystyrene sulfonate (PSS), and/or

iv) wherein the OSNTs have an ion exchange of about 150 to about 200 g cm™, an

elastic modulus of about 5 to 10 MPa, a charge storage density of about 400 to about

500 mC cm™, and/or a specific capacitance about 100 to about 200 F g™, and/or
v} wherein the probe comprises polypyrrole, and/or
vi) wherein the polypyrrole 1s doped with poly(sodium 4-styrenesulfonate) (NaPSS).

The neural probe of claim 1 or 2, wherein the probe is coated the probe with a

conductive metal, preferably

1) wherein the conductive metal 1s chromium and/or gold, and/or

E
i) wherein the probe comprises a layer of photoresist, and/or

ii1) wherein the probe comprises multiple layers of photoresist, preferably SU-8.

The neural probe of any of claims 1-3, wherein the probe comprises two or three

movable projections, preferably
1) wherein the probe comprises more than three movable projections, and/or

it) wherein the movable projections have a length of about 0.5 mm to about I mm,

and/or

1i1) wherein the movable projections have a width of about 25 to 75 um and a thickness

of 5 to 20 pm, and/or
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iv} wherein the movable projections have a width of about 40 to 60 pm and a thickness

of 10 to 15 um, and/or

v) wherein the gold and/or chromium are present at a thickness of 1 to 3 um, preferably

2 um.

The neural probe of any of claims 1-4, wherein the probe comprises at least one

movable projection comprising a rectangular segment for actuation, preferably

i) wherein the movable projection further comprises a round site at the projection tip

tor signal recording, and/or
i) wherein the probe further comprises a fixed recording site, and/or

ii1) wherein the fixed recording site is adjacent to the movable actuating projection,

and/or
iv) wherein the device is implantable.

The neural probe of any of claims 1-5, wherein the OSNTs are produced by a method

comprising:

(a) electrospinning a non-conductive polymer onto a conductive surface using a syringe

pump to form template nanofibers;

(b} electrochemically depositing a conductive polymer around the template nanofibers;

and
(c) adding an organic solvent to remove the template nanofibers to form the OSNTs.

The neural probe of claim 6, wherein the electrospinning is performed in an electric

field of about 0.9 to about 1.0 kV cm™" preferably,

1} wherein the non-conductive polymer i1s a poly(lactide), poly{glycolide), or

poly(lactide-co-glycolide), and/or
i) wherein the non-conductive polymer is a poly-L-(lactide) (PLLA), and/or

ii1) wherein the non-conductive polymer is in a solution comprising an organic solvent,

and/or

iv} wherein the non-conductive polymer is present at a concentration of 1% w/w to 10%

w/w in the solution, and/or
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v) wherein the non-conductive polymer is present at a concentration of 3% w/w in the

solution.

The neural probe of claims 6 or 7, wherein the solution further comprises an organic

salt, preferably

1) wherein the organic salt is benzyl triethylammonium chloride, and/or
it) wherein the conductive polymer is polypyrrole, and/or

ii1) wherein the polypyrrole is comprised in an electrolyte solution, and/or
iv} wherein the electrolyte solution further comprises a dopant, and/or

v) wherein the dopant is a net negatively charged molecule, and/or

vi} wherein the dopant is poly(sodium 4-styrenesulfonate) (NaPSS).

The neural probe of any of claims 6-8, wherein the syringe has a gauge from about 20

to about 30, preferably
1) wherein the syringe has a gauge of 23, and/or
it) wherein the conductive surface comprises a metal coating, and/or

it1) wherein the metal coating is a gold coating, such as wherein the gold coating has a

thickness of about 0.3 ym, and/or
iv) wherein the organic solvent is chloroform.

The neural probe of any of claims 1-9, wherein the neural probe has actuation in liquid

or a gel polymer.

The neural probe of any of claims 1-10, wherein the neural probe is produced by a

method comprising:

(a) microfabricating a probe with at least one movable projection using layer-by-layer

photolithography;
{(b) coating the probe with a conductive metal;

{(c) electrospinning a non-conductive polymer onto the conductive surface using a

syringe pump to form template nanofibers;

(d) electrochemically depositing a conductive around the template nanofibers; and
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{(e) adding an organic solvent to remove the template nancfibers to form the neural

probe device.

The neural probe of claim 11, wherein step (a) comprises using a silicon wafer with a

thermal oxide layer as a substrate, preferably

1) wherein the conductive metal is gold and/or chromium at a thickness of 1 to 3 um or

2 pm, and/or

it) wherein the electrospinning is performed in an electric field of about 0.9 to about 1.0

kV em™, and/or

ii1) wherein the non-conductive polymer is a poly(lactide), poly(glycolide), or

poly{lactide-co-glycolide), and/or
v} wherein the non-conductive polymer is a poly-L-(lactide} (PLLA), and/or

v} wherein the non-conductive polymer is in a solution comprising an organic solvent,

and/or

vi) wherein the non-conductive polymer is present at a concentration of 1% w/w to 10%

w/w or 3% in the solution, and/or
vii) wherein the solution further comprises an organic salt, and/or
viii} wherein the organic salt is benzyl triethylammonium chloride.

Use of the neural probe of any of claims 1-12 for neural recording or stimulation,

releasing a therapeutic agent to the neuron, such as a drug or protein.

Use of the neural probe of any of claims 1-12 for neurochemical detection or as a neural

interface.

Use of the neural probe of any of claims 1-12 as a biosensor or bioelectronic.
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