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Abstract

Designing bioelectronic devices that seamlessly integrate with the human body is a technological
pursuit of great importance. Bioelectronic medical devices that reliably and chronically interface
with the body can advance neuroscience, health monitoring, diagnostics, and therapeutics. Recent
major efforts focus on investigating strategies to fabricate flexible, stretchable, and soft electronic
devices, and advances in materials chemistry have emerged as fundamental to the creation of

the next generation of bioelectronics. In this review, we summarize contemporary advances and
forthcoming technical challenges related to three principal components of bioelectronic devices:
(i) substrates and structural materials, (ii) barrier and encapsulation materials, and (iii) conductive
materials. Through notable illustrations from the literature, integration and device fabrication

strategies and associated challenges for each material class are highlighted.
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Flexible, stretchable and soft electronics interfaced with the human body hold immense
potential to unlock a variety of diagnostic, therapeutic, and health monitoring applications.
Materials chemistry plays a crucial role in determining the interaction and integration of these
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devices with biological systems. Recent progress in materials chemistry-enabled bioelectronics is
presented and challenges, opportunities, and future research directions are highlighted.

Keywords

flexible bioelectronics; materials chemistry; bioresorbable; soft electronics; encapsulation;
extensible conductors

1. Introduction

Reliable interfacing of flexible, stretchable, and soft electronics with the human body
could advance a wide range of medical technologies such as chronic brain-computer
interfaces,[1-6] implantable electrophysiological sensors,[7-10] active drug delivery systems,
[11-16] yearable health monitoring devices,[17-241 and electrical stimulatory therapeutic
devices.[25-33] Electronic devices with flexible and compliant form factors permit conformal
integration with tissues in the human body, which are often soft, curvilinear, and dynamic.
[34-36] While the prospects for biomedical applications are promising, transforming flexible
electronics from laboratory curiosities into robust and reliable medical devices creates new
challenges in fabrication and deployment. Advances in materials chemistry and polymer
science contribute to the design of flexible electronic devices for biomedical applications.
[37-40] Decades of research in flexible bioelectronics have standardized materials and
processing techniques that serve as cornerstone technologies within the bioelectronics
scientific community. This has included advances in the processing and integration

of traditional electronics materials,[41-46] the design of novel biocompatible polymer
substrates,[47-52] and investigating intrinsically flexible and stretchable organic electronics.
[53-58] Fyrthermore, novel materials and new fabrication techniques enable new form
factors and increase the parameter space for both mechanical and electrical properties,

and structural adaptability. Here we discuss how materials chemistry can accelerate
progress in bioelectronics in three specific areas: (1) substrate and structural materials, (2)
packaging and barrier layers, and (3) flexible and stretchable conductors. We will examine
contemporary instances of materials development, process design, and implementations of
flexible bioelectronics systems, with an emphasis on implantable devices, through a lens
of materials chemistry. Furthermore, we will present emerging challenges, bottlenecks, and
opportunities for innovation in the field.

1.1. Defining Key Terms in Flexible Electronics

Terms such as flexibility, stretchability, mechanical compliance, softness, and extensibility
are often used interchangeably. However, precisely defining this beforehand will clarify the
forthcoming technical discussion. As such, this article will assign bioelectronic devices as
flexible, stretchable, or ultracompliant roughly based on the intrinsic mechanical properties
of the structural materials. These classifications, albeit artificial, facilitate discussions on the
role of materials chemistry in flexible bioelectronic devices.

Mechanical flexibility and compliance are interchangeably defined as the inverse of
stiffness, a parameter that refers to the ability of a body to resist deflection or deformation
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and can be expressed as the ratio of applied force to the deformation.[”4 73] While a material
can be subject to varying modes of deformation, flexibility specifically refers to the ability
of a material to undergo bending.[”®] In the context of bioelectronics, the minimum bending
radius and bending stiffness can be valuable measures of flexibility that provides direct
insight into the ability of a film to conform to topographically complex curvilinear targets.
The minimum bending radius of a film s ,;, is dependent on the elastic modulus of the
material and the thickness of the film, given by:[75.77]

Eh
T'b, min 5 ®
20y
The bending stiffness of a film is:
ER®
D = — 2
12(1 -2 @

where £is the Young’s modulus of the material, /is film thickness, oy is yield strength, and
v is the Poisson’s ratio. “Flexible bioelectronics” will refer to inextensible devices with an
effective elastic modulus typically between 0.1-100 GPa and bending stiffness on the order
of 1079-10715 N m2.[78] wiith the broad range of possible bending stiffnesses, this class of
devices are useful in a variety of applications such as intracortical probes, conformal neural
probes, retinal implants, cochlear implants, etc.[79-81]

The term “stretchability” is somewhat vaguer in the context of bioelectronics, sometimes
referring to the ability for a system to accommaodate strain without failure in the

elastic regime and other times expanding the requirement to include plastic regime.[82-84]
Concluding an effort to define stretchability in the context of electronics, Lipomi states
“stretchable electronics comprise materials and devices that accommodate strain, or do not
accommodate strain, depending on your perspective, by a variety of mechanisms: elastic
deformation, plastic deformation, strain-evolved formation of buckles, and even formation
of cracks”.[8] In this article, we will define “stretchable electronics” as devices that are
able to withstand a non-zero strain that is useful to its intended application prior to

device and/or material failure. They are typically extensible devices whose effective elastic
moduli lie between 0.1-100 MPa. Extensibility of materials is similarly understood as the
extent to which a material can be stretched before failure and can be quantified by the
percent elongation at failure. Stretchable devices can be deployed in mechanically dynamic

applications such as cardiac sensors, wearable devices, and peripheral nervous interfaces.
[86-90]

Lastly, softness broadly refers to the property of low mechanical modulus materials

to deform under small, applied stresses. Unlike flexibility, softness extends beyond

elastic deformation by bending, encompassing low modulus polymeric materials, such as
viscoelastic hydrogels and supramolecular networks with mesoscale organization. In this
article, devices based on such materials will be discussed under the title of “ultracompliant
bioelectronics”. Furthermore, “ultracompliant electronics” comprise devices with elastic
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moduli between 0.1-100 kPa. Ultracompliant devices are most useful in forming seamless
interfaces with soft tissues such as the brain.[91-94]

1.2. Guidelines for Designing Implantable Flexible Bioelectronics

Implantable flexible bioelectronic devices present unique additional design constraints
compared to wearable devices. Implantable flexible bioelectronic devices will ideally be
composed of non-toxic biocompatible materials to promote integration of the device with
the biological environment.[34.95.96] Bijocompatibility is used as an all-encompassing term
to describe materials that do not induce severe foreign body and inflammatory responses,
and are able to function in their intended application without causing harm to local tissue
or overall human health.[97.98] Strategies commonly employed to improve biocompatibility
of implantable devices involve the following: (i) using non-toxic, biologically derived, or
biomimetic materials, (ii) engineering the surface chemistry and topography to camouflage
the device, improve biointegration, and minimize the consequences of bio-fouling; (iii)
target localized release of drugs or other bioactive compounds to manage the inflammatory
response.[99-106]

In addition to managing /n7 vivo responses to implanted devices, it is also imperative

to understand the mechanical environment of the biological environment at site of

tissue integration. As illustrated in Figure 1, various organs exhibit different mechanical
environments, such as elastic modulus, extensibility, dynamic versus static loading
condition, etc. A holistic picture of these conditions should greatly influence the materials
selection and device design of the bioelectronics. For instance, a long-term device meant
to conformally contact heart tissue must be a fatigue resistant, stretchable device that can
withstand several thousand cycles of loading per operational day.[107-1101 A conformal
neural interface, on the other hand, can be made of ultrathin flexible materials that don’t
need to be stretchable or fatigue resistant.[111-113]

A final consideration that requires additional thought and planning in all implantable
bioelectronics applications is designing for processability and practicality. While there might
be several attractive materials for use in bioelectronics for their interesting mechanical or
functional properties, they must be amenable to integration with microelectronics processing
techniques or propose the development of novel device integration methods. Furthermore,
practical challenges such as interfacing devices with input and output data and power

transmission cables must be considered from an early stage in the design process.[114-116]

2. Substrates and Structural Materials for Flexible Bioelectronics

Substrates are structural elements that provide mechanical integration for device
components, such as logic elements, electrodes, traces, and interconnects. Active devices
and supporting components are often composed of micropatterned thin film architectures
<1 um in thickness, while substrate materials are of macroscopic dimensions and are often
>100 pum in thickness.[54! Thus, the substrate often dictates the mechanics, form factor, and
toxicity profile of the overall device.
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In the following discussion on substrates, the materials will be classified into the

four following categories, employing definitions presented in Section 1.1 and Figure

2: (i) flexible substrates, (ii) stretchable substrates, (iii) ultracompliant substrates,

and (iv) structurally adaptive substrates. Figure 2 represents a non-exhaustive survey

of a trend towards softer and more compliant substrates for bioelectronic devices.

Using this chronological perspective, this section will utilize a bottom-up approach to
summarizing trends in this domain. This sub-topic will review chemical composition, then
macromolecular networks and polymer processing, and then finally microstructural aspects
of materials that are commonly used as substrates and structural materials in bioelectronic
devices.

2.1. Flexible Substrate Materials in Bioelectronics

This section focuses on thin films of high modulus inextensible polymers (1-10 GPa, <250
um), such as Parylene C, polyesters, polyimides, and SU-8, and their use as substrates

in bioelectronics. The commercial availability of such polymers and compatibility with
microelectronics processing techniques has accelerated progress in flexible bioelectronics.
With early bioelectronic implants typically comprising rigid bulk inorganic components
and packaging, flexible substrates significantly improved mechanical matching across the
biotic-abiotic interface.[131-134] These materials offer exceptional processability as they are
amenable to thin film processing, patterning, molding, etching, and other diverse types

of subtractive and additive fabrication techniques.[47-135-137] Here, we briefly highlight
contemporary and historical examples of polymers as substrate materials in flexible
bioelectronic devices.

2.1.1. Polyesters—Polyesters have found wide use as substrate materials in flexible
bioelectronics, ranging from the crude early demonstrations of flexible multielectrode arrays
for medical applications in the 1970s, to intricate devices with active on-board electronics
for applications in conformal cardiac sensors.[199117] As a widely used commercial and
industrial polymer, the infrastructure surrounding polyester processing can be leveraged to
engineer these materials as substrates for flexible bioelectronic devices.[28.159.160]

Polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) are two aromatic
thermoplastic polyesters commonly used as substrates in flexible bioelectronic devices.
[109,160-162] pET and PEN both feature ester links between monomers with aromatic groups
in the polymer backbone which confer chemical stability and produce stable semi-crystalline
hydrophobic domains that resist biodegradation. One versus two aromatic rings in PET and
PEN, respectively, has a direct impact on the glass transition temperature ( 74pgt = 75-85
°C; TgpeN = 114-125 °C), crystallinity, and therefore also the Young’s modulus (Epgt

= 2.95 GPa; Epep = 5.5 GPa).[163] As thermoplastics, PET and PEN are manufactured
through a combination of molten extrusion and cold rolling to produce films of desired
thicknesses.[164.165] As a result, it can be more challenging to integrate pre-rolled polyesters
with microelectronics manufacturing methods compared to polymer substrates that can

be deposited or spin coated. However, the thermal and chemical stability of polyesters

have encouraged researchers to develop several approaches to implement PET and PEN as
substrates for bioelectronics.
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PET is a versatile thermoplastic that has been successfully in implemented in a variety of
systems that utilize differing substrate thicknesses (1-50 um) and processing methods. A
1974 study demonstrated the use of a relatively thick PET film (50 um) in an early prototype
of a multielectrode array for a flexible cochlear implant.[*17] More recently, ultrathin PET
substrates (1-3 um) have also been successfully integrated for a range of wearable and in
vivo applications. Lee et al. presented the fabrication of an ultraflexible multielectrode array
on 1.5 um PET substrates for /7 vivo cardiac monitoring in 10-week old rats.[199] Traces

are deposited using thermal evaporation through a shadow mask and passivated with a
Parylene-C insulation layer. In addition to engineering an extremely low bending radius (<10
um) in their ultrathin PET film, the authors utilized a patterned adhesive polyvinyl acetate
(PVA) hydrogel to improve electrode interfacial adhesion and create a highly conformal
contact with the cardiac tissue. As a result, the ultrathin device with PVVA coated electrodes
showed stable signal amplitudes of 8 mV with a 0.1 mV noise level, in contrast to uncoated
electrodes showing fluctuating signal amplitudes from 5-7 mV with a 1.5 mV noise level.
Sung et al. designed a wireless implantable controlled release system on PET substrates

for delivery of neurotherapeutics directly to the cerebral cortex (Figure 3, A-i,ii).[2%%] The
device features SU-8 drug reservoirs with nominal volumes of 1.5 nL capped with Au
membranes, Ti conductive traces to deliver 1.1 mA cm=2 DC current to electrochemically
dissolve the Au, and an SU-8 passivation layers, all fabricated on a PET film 25 um in
thickness. (Figure 3, A-iii). PET substrates were specifically selected in this application

as a result of its compatibility with UV adhesive-based bonding and to provide necessary
flexibility and handling for deploying the device into the subdural space.

Similar to PET, PEN has also been widely used as a substrate for bioelectronics for its
thermal and chemical stability, especially in cases that benefit from its higher Young’s
Modulus compared to PET. Someya et al. and Fuketa et al. integrated 100 pm and 1

um thick PET films respectively with patterned metal thin film conductors and organic
semi-conductors to fabricate wearable sensors.[127:161] These examples also illustrate the
compatibility of PEN substrates with manufacturing techniques, such as laser cutting and
micromachining for feature and form-factor definition.

PEN substrates have also been used for inkjet printing and 3D printing of functional inks
containing nanomaterials such as gold, silver, and carbon nanoparticles.[160.166.167] |nkjet
printing of gold nanoparticles described by Khan et al. was used to fabricate a flexible
impedance sensing electrode array to detect pressure ulcers in rat models (Figure 3, B).[168]
PEN served as a reliable substrate that could undergo 1000 twist cycles without damage to
the device.

2.1.2. Polyimides—Polyimides are commercially available polymers that have been
used extensively as substrates in flexible bioelectronics due to the combination of

chemical stability and compatibility with many existing microfabrication processes.[169.170]
By definition, polyimides contain imide (-R1CO-NR»-COR3-) groups in the polymer
backbone. Delocalized electrons in the imide group help to confer thermal and chemical
resistance as a result of stable delocalized electronic configuration.[169.171] polyimides are
commaodity materials used in adhesives, electronic device insulation and packaging, and
flexible printed circuit boards.[172] Polyimides can be prepared using aliphatic or aromatic
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monomers (Figure 4). Polyimides with aromatic groups such as poly(4,4 ~oxydiphenylene
pyromellitimide) (PMDAODA PI) or Kapton and biphenyltetracarboxylic dianhydridde/
para-phenylenediamine (BPDA-PPD) or U-Varnish are of particular interest as substrate
materials in bioelectronics.[173] Although most polymers used in bioelectronics are aromatic
or semi-aromatic as a result of superior thermal and chemical resistance, aliphatic
polyimides are becoming materials of interest for optoelectronics applications due to their
higher optical transparency (~90%) compared to commercial polyimides such as Kapton
(.,70%)'[174,175]

In addition to its chemical and thermal resistance, polyimide is biocompatible, strongly
bonds photoresists to facilitate photolithography, and is compatible with etching techniques.
[170.176] Fyrthermore, polyimides are thermosets that can be produced as liquid polymer
precursors that can be solution processed at room temperature (drop casted, spin coated,

and molded) and baked to produce irreversibly cured polymer films.[177-1791 As a result,
polyimides have been used as substrates in early instantiations of cochlear implants, an early
example of implantable bioelectronic devices.[189] In this study, microfabrication processes
were optimized and standardized for polyimide substrates, including spin-coating on Si
handling wafers, photopatterning, and the use of tantalum adhesion layers for metallization.

More contemporary examples exploit polyimides for their compatibility with
nanofabrication methods to design complex implantable devices in cardiac and neural
sensing applications.[181-183] Sjlicon nanomembrane transistors were integrated with a 288-
electrode array for on-board amplification and multiplexing on flexible polyimide substrates
to measure cardiac electrophysiology.[182] Multilayer architectures use two thin (~1.5 pm)
spin-coated Pl 2545 (HD Microsystems, NJ, USA) intermediary insulation layers and a
Kapton (DuPont, DE, USA) polyimide substrate 12.5 pm in thickness bonded the to the
device using a plasma activated silicone adhesive. When interfaced with a porcine heart,

the device can map the cardiac wavefront with 800 um resolution and signal-to-noise

ratios (SNR) of ~34 dB. As one of the first instances of Si-based devices in implantable
systems, this project highlights the potential of leveraging silicon-based microfabrication
technology for robust yet flexible bioelectronic devices. Recently, a similar fabrication
scheme was used to design a capacitively-coupled 396-node cardiac sensor and a 1008-node
electrocorticography (ECoG) sensor that allowed for a completely encapsulated device
without any exposed electronic components for long-term electrophysiology monitoring and
high resolution (~400 um) mapping (SNR ~42 dB) (Figure 4, A).[184.185]

Polyimides are amenable to micropatterning which can be used to create porous ordered
mesh networks as substrates, improving the conformability of bioelectronic devices.
[112,186,187] Thjs is possible through a variety of techniques, such as dry etching using
reactive ions, conventional photopatterning, and laser cutting. Seminal work in this field was
reported by Kim et al. where photolithographic techniques were employed to pattern and
metallize 2 pm thick Kapton P1 films, followed by dry etching of PI to pattern the substrate
into a mesh (Figure 4, B).[112] Dissolvable silk films were used as a temporary stiffener to
deploy the devices in /n vivo applications. A hemispherical mechanical model to estimate
minimum adhesion energy per unit area showed that the polyimide mesh required a 10x
lower adhesion energy compared to a film of the same thickness (ysheet = 29 MI/M2, Ymesh

Adv Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balakrishnan et al.

Page 8

= 2.4 mJ/m?2, thickness = 2.5 ym). An /n vivo demonstration of the structures on a feline
visual cortex showed that the mesh-based devices had the highest mean signal amplitude
and the lowest error (Vrms mesh = 5-7+3), suggesting that compliant electrodes are in closer
contact with neural tissue compared to the unpatterned sheet devices (VRrwms sheet 76um =
5.2+3.9, VRMS sheet 2.5um = 5.2+3.9).

2.1.3. Liquid Crystal Polymers—Liquid crystalline polymers (LCP) are highly
crystalline polymer networks whose use as substrates in flexible bioelectronics evolved
from their use as packaging materials in microelectronic devices. LCP are unique
thermoplastics composed of low molecular weight aromatic subunits called mesogens
that can self-assemble and align into liquid crystals upon heating or dissolution.[188-190]
Crystalline domains confer chemical and thermal stability (74,5 ~380°C), comparatively
large elastic moduli for polymers (£~10 GPa), and low water absorptivity (moisture
absorption <0.04wt%).[119.142] These properties, in addition to research suggesting that
commonly used commercial LCP films are biocompatible for /n vivo applications, have
made them compelling for use in bioelectronics.[191-193]

LCP have been used as substrates for various devices including neural interfaces and
retinal prosthetics.[194] Lee et al. used LCP as a substrate for peripheral neural interfaces
to record from the sciatic nerve of murine subjects (Figure 2, A3). Multi-electrode

arrays are fabricated on LCP by depositing Ti/Au metal stacks using sputtering and then
patterning using wet etching.[195] Conformal retinal prosthetics have also been prepared
using electronics integrated with LCP-based substrates.[119.196] Rabbits implanted with
surrogate devices showed no adverse effects after 2.5 years post-implantation.[193] Lastly,
LCP substrates can be integrated with ultrathin Si-based radio frequency integrated circuits
to enable more sophisticated functions including /7 vivo wireless communication.[192]

Aligned and crystalline networks in LCP produce some challenges for use in flexible
bioelectronics. First, aligned polymer chains generate robust, yet highly anisotropic
mechanical properties. For example, the anisotropy ratio of tensile strength and elastic

UTS”

modulus of commercial 1-mm thick Vectra A950 films are UTS,

Ej
=36and 5 =36

respectively.[197.198] However, using modified film extrusion processes, biaxial LCP films
that have polymer chains orientation equally distributed in two perpendicular directions
(-45° and +45°) exhibit isotropic mechanical properties.[199] The high melting point of
LCPs coupled with the low viscosity of LCP melts limit their processing into films

to extrusion-based methods (Velctra A-950: 7, =280°C, melt viscosity = <100 Pa s).
[142,200] As a result, most reports that use LCPs as substrates in bioelectronic devices

use commercially available films with thicknesses greater than 25 um. This lower limit

of thickness bounds the flexibility of LCP-based devices and prevents their use from
applications requiring high conformability. Dry etching and laser based-thinning can reduce

the thickness of LCP substrates for applications where thicknesses <25 yum are required.
[143,201]

2.1.4. Epoxies—Epoxies are widely used as photoresists in microelectronics fabrication
but have also gained traction as a substrate material in flexible electronics.[202-205]
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Commercially available SU-8 photoresist contains a UV-activated photoacid generator that
protonates epoxide groups on multifunctional oligomers and yields highly cross-linked
networks.[245] The resulting polymer is mechanically robust and thermally stable with a
Young’s Modulus up to £~ 5 GPa and shows no detectable structural degradation at
temperatures up to 380°C.[208] |n photolithography, the non-crosslinked polymer can easily
be dissolved with an SU-8 developer like 1-methoxy-2-propanol acetate. SU-8 films of

a broad range of thicknesses (0.2—300 pm) can be fabricated by spin coating precursors
with varying viscosities.[207:208] |n addition to the favorable processing capabilities and
mechanical properties, demonstrations of the biocompatibility of SU-8 implants have made
it a compelling material for bioelectronics.[209-211]

Flexible bioelectronic devices fabricated on bulk SU-8 substrates have been extensively
investigated for diverse applications, including peripheral and cortical nerve interfaces.
Photopatterned SU-8 with thin-film gold electrodes was used to fabricate grooved
microprobes aimed at channeling the regrowth of sciatic nerves in a rat model.[204] This
structure measured nervous impulses for 51 weeks /n vivo with a signal-to-noise ratio (SNR)
>2 and no indication of adverse inflammatory reactions. SU-8-based cortical probes exploit
the robust in-plane mechanical properties combined with out-of-plane flexural compliance
to accommodate insertion forces without buckling.[212] Altuna et al. presented a multimodal
device capable of microfluidic drug delivery into the brain in addition to measuring neural
responses (Figure 5, A-i,ii,iii).[293] Devices deployed /n vivo can detect local field potentials
and single cell activity in conjunction with localized delivery of precise drug volumes within
the brain of murine subjects (Figure 5, A-iv).

Photo-definable features of SU-8 lend itself to the manufacturing of substrates with complex
features. Ultra-thin SU-8 films (300-400 nm) can be photo-patterned to create porous
substrates with over 90% free space (Figure 5, B-i).[213] These structural elements with
bending stiffnesses as low as 0.104 nN-m (compared to 3000 nN-m for standard 25 pm
polyimide thin films) can be compressed and delivered through a needle with a diameter

as low as 100 um (Figure 5, B-ii).[214] Porous SU-8 substrates support the integration

of passive sensors for measuring local field potentials and mapping single neurons in the
cortex of mice with limited detectable chronic immune response for 12 months.[128.214.215]
Mesh-based multielectrode arrays record stable signals with low background noise and RMS
amplitudes of Vs =300 pV and stable recordings from spikes for >6 months. “Syringe-
injectable electronics” use several features of SU-8 substrates, including precise film
thicknesses, facile patterning, and heterogeneous integration with thin film electronics. The
ability to deploy such devices through a syringe offers a minimally invasive implantation
technique through a stereotaxic injection. When combined with extreme miniaturization,
patterned mesh SU-8 substrates can enable exciting new concepts in electrophysiological
recording.

One of the major challenges in implementing SU-8 as substrates in flexible electronics is
poor adhesion with metallic interconnects when deposited using conventional deposition
methods. This challenge can be overcome through the use of adhesive layers and different
deposition methods like ion implantation.[292] While there are several challenges and
limitations in using SU-8, it stands uniquely among other substrate materials as a high-
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aspect ratio photoresist that is capable of precise direct photopatterning. Additionally, the
demonstration of SU-8 mesh electronics makes the interesting proposition of using patterned
substrates to create viscoelastic flexible bioelectronic devices that can be implanted using
minimally invasive approaches.

2.1.5. Parylene C—A material developed broadly for packaging applications such as
microelectronics insulation, implant coatings, and food encapsulants, Parylene C possesses
several properties that make it attractive for bioelectronics.[216-223] parylene C is a
chlorinated member of a larger family of poly(p-xylylene) polymers that are typically
synthesized using chemical vapor deposition (CVD).[216] Parylene synthesis schemes
produce vapors by subliming solid dipara-xylylene precursors at ~150 °C.[224] At ~700

°C and 0.1 torr, dimers pyrolyze into the vapor-phase monomer para-xylylene. When this
gas encounters a substrate, it forms a semi-crystalline conformal transparent layer of poly(x-
xylylene). Highly crystallinity and dense packing in Parylene C produce Young’s moduli in
the range of Epyra.c = 1-3 GPa for both thin and bulk films alike. Parylene C films have
been used as substrates for flexible electronics with thicknesses ranging from several nm to
100 pm.[248] The extensibility of Parylene C is typically limited to eyjeld = ~4% With egjpyre
= ~25-200% at oy ey = 60-80 MPa.l14%22% parylene C is attractive for use in bioelectronics
because it features robust mechanical properties, facile processing and integration with
photolithography and etching, and has an established record of low toxicity.[226.227]

Parylene C can be fabricated by micromachining and thermoforming to create both 2D and
3D structural elements for bioelectronics.[228-232] Highlighted in Figure 2, A2, Parylene was
used in one of the earliest demonstrations of flexible neural probes with 3D form factors
by Suzuki et al. in 2003 through micromachining.[118] This study processed Parylene using
dry etching and sacrificial layers to release Parylene structures and create structural pillars
used as probes for multi-channel recording from the brain. More recently, a dry-etching
technique was utilized to pattern kirigami designs into Parylene substrates that allowed
over 800% strain (Figure 6, A).[233] 10-channel platinum multielctrode arrays on kirigami
patterned Parylene C can record electrocardiograms of a beating mouse heart with a stable
signal amplitude of Vzpss~4 mV. Thermoforming has been extensively used to anneal and
fix Parylene based devices into form factors for specific applications including sheaths and
tubes for neural interfaces and curved surfaces for retinal implants.[234-237] Hara et al. built
on previous literature on sheath designs of cortical probes to demonstrate device viability
in chronic applications.[238] A signal-to-noise ratio >5.5 was observed that increases over a
22-week post-implantation period as the device integrated with surrounding neurites.

Beyond conventional inorganic thin-film flexible devices, Parylene C can serve as a
substrate for organic bioelectronics.[227:239-243] An organic electrochemical transistor
array of doped poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was
fabricated on Parylene C substrates using photolithographic patterning methods and used
to measure cortical activity /7 vivo from human epileptic patients (Figure 6, B).[220]
Additionally, with a growing interest in bio-optoelectronics, Parylene C became an obvious
choice as a substrate for optical devices given its transparent optical properties in addition
to robust mechanical and dielectric properties (Figure 6, C).[244-247] |n 2020, Kim et

al. exploited recent advances in organic semiconductors to fabricate a Parylene C-based
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flexible array of organic light-emitting diodes with an /n vivo demonstration of optogenetic
stimulation of the sciatic nerve in mouse models.[248]

A major challenge of fabricating inorganic thin-film electronics on Parylene C involves

its thermal instability during deposition and patterning processing as a result of its
thermoplastic nature and low oxidative degradation temperatures ( 7zgg ~125°C).[222:24]
This can result in the formation of bubbles, cracks, and damage during the manufacturing
process. However, if needed, high temperature stable varieties of Parylene such as Parylene
HT can be explored as substrates.[23%]

2.2. Stretchable Substrate Materials in Flexible Bioelectronics

Elastomers have gained traction as structural materials for medical devices owing to their
mechanical flexibility (£< 10 MPa), extensibility(ey ey > 10%, typically well over 100%),
and facile processability.[54250.251] As designing stable biological interfaces with low
mechanical impedance mismatch has become important, the role of elastomers has become
prominent because of the intrinsic stretchability of several biological tissues.

However, the use of elastomers for implantable bioelectronics as a stretchable substrate is
relatively recent due to technical challenges when integrating rigid electronic components
with compliant substrates. The last two decades have seen a tremendous rise in the
utilization of stretchable substrates to enable a wide range of biological applications such
as dynamic bioelectronic cardiac patches, conformal wearable devices, and soft central and
peripheral nervous interfaces.[35.252-254] The recent success of stretchable bioelectronics
suggests that integrating elastomers with high performance electronic components will
continue to grow as commercialization becomes imminent.[34:255.256]

2.2.1. Silicone-based Elastomers—Silicones are named after their inorganic silicon-
oxygen backbone, with organic functional groups attached to each Si. Polydimethylsiloxane
(PDMS), the most common variety of silicone in bioelectronics, has two methyl groups

that are bonded to each Si atom in the polymer backbone (Figure 7). Silicones such as
PDMS exhibit thermal stability, chemical resistance in physiological solutions, and dielectric
properties (Resistivity ppppss = 4x10% Q-m, dielectric constant epppss=2.3-2.8, degradation
temperature 74,,~=400-650°C), which are attributed to electron delocalization along the
backbone and Si-O bond energies of 452 kJ mol~1 compared to 348 kJ mol~1 in C-C
bonds.[257-260] pDMS resists enzymatic biodegradation pathways due to its partial inorganic
character.[261] As a result, dozens of medical devices that use silicones have been approved

by the FDA including shunts, catheters, contact lenses, soft tissue implants, and stimulation
leads.[262.263]

Commercial PMDS silicones (e.g., Sylgard, Ecoflex, and Silbione) are widely used as
structural materials in stretchable bioelectronic devices.[264-266] Silicone can be processed
into 2D and 3D deterministic architectures and combined with inorganic thin films to confer
stretchability to flexible bioelectronic devices.[121.267-270] Minev et al. micropatterned
PDMS substrates for use as synthetic electronic dura mater capable of simultaneous
electrical measurements and microfluidic drug delivery in neural interfaces for up to

6 weeks.[123] These devices were fabricated using soft lithography for patterning drug
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microchannels, plasma-activated covalent bonding for assembly, and thermal evaporation
and stencil printing for patterning conductors.

The versatility of silicones was further demonstrated by Afanasenkau et al. in their
demonstration of a multi-material 3D printing approach utilized to simultaneously print
silicone elastomers and Pt conductive inks that form conductive composites /n situ (Figure
7, A).[271] At a physiologically estimated maximum operational strain of 20%, the printed
devices showed a 10-fold increase in impedance at 20 kQ compared to the unstrained
composite, still being conductive enough to retain device functionality. Through this
technique, several neuromuscular interfaces with unique form factors were reported with
applications including spinal cord stimulation and recording, sciatic nerve recording, and
electromyogram recording.

Materials chemistry has played an important role in designing modified silicone-based
materials to overcome limitations of commercial PDMS. Commercial silicones suffer from
poor adhesiveness that impacts devices both during processing and deployment.[272] Jeong
et al. designed and synthesized soft, stretchable, and adhesive PDMS by adding small
volumes (20-40 pL in 10 g of PDMS) of ethoxylated polyethyleneimine (PEIE) with PDMS
precursors prior to curing (Figure 7, B). PEIE additives induce heterogeneity and increase
sol content, thereby reducing the modulus to Eppms+peie = 24 kPa from Eppps = 1 MPa
and increasing the force of interfacial adhesion forces to Fzyppms+peiE = 1.2 N compared
to Fagpoms < 0.1 N (Sylgard 184).1273] Compared to PDMS, PEIE-modified silicones
increase mechanical compliance and adhesion which can improve integration with ultrafine
tissue targets and reduce subsequent fibrous capsule formation 7 vivo.[192] Silicones can
also be modified with photoactive groups to achieve photocrosslinkable analogues. Choi

et al. reported a new class of photocrosslinkable silicones that use urethanes with pendant
methacrylate groups as photoactive groups.[274] Photocrosslinkable silicones were originally
designed as materials for high resolution nanometer scale patterning and soft lithographic
molding. However, photocrosslinkable silicones could also be used as structural materials
with micron-scale features for stretchable bioelectronics.

Devices interfaced with regenerating or growing tissue can experience small stresses and
rates of strain (~1 mm/day) over long periods of time as the tissue expands. Conventional
silicone elastomers are too stiff to operate in this context.[275] However, this can be
addressed through engineering an increased viscoelastic response in PDMS elastomers.
This was accomplished by designing a chemically modified PDMS with isophorone bisurea
(1U) and 4,4 ~methylenebis(phenyl urea) (MPU) and blending PDMS-IU with PDMS-1Ug g-
MPUj 4.[276-278] By balancing the dynamic bonding of IU and hydrogen bonding of MPU,
the PDMS blend is capable of a Young’s modulus of 0.4 MPa at a strain rate of 50% s™1.
This material was integrated with a plasticized PEDOT:PSS conductor for stable chronic
neuromodulation and nerve growth monitoring tested on the sciatic nerve of fast growing
rats over a period of 4 weeks (140% increase in nerve diameter) (Figure 7, C).

2.2.2. Block Copolymer-based Elastomers—Block copolymer (BCP)-based
elastomers are polymer networks with physical crosslinks that have been used in medical
devices, such as catheters, drug delivery systems, and materials for regenerative medicine.
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[279-284] polystyrene-based ABA triblock polymers are a prominent example of this
molecular architecture, in which polystyrene A blocks flank a central B block with variable
composition.[283] Typically, the middle block chain is composed of an aliphatic monomer,
resulting in two rigid hydrophobic polystyrene blocks linked by a flexible polymer chain.
However, any reasonable combination of A and B blocks that are immiscible with one
another can serve as ABA triblocks. Populations of ABA triblocks self-assemble into

rigid domains of A blocks that serve as physical crosslinks with flexible interstitial

phases that are rich in B blocks.[286.287] BCP-based elastomers possess tunable mechanical
and viscoelastic properties that can be optimized by varying the volume fraction and
lengths of the A and B blocks. This controls the morphology and volume fraction of

the rigid microdomain blocks, ¢, of the physically crosslinked species, A.[285288] The
higher volume fraction of the rigid microdomains understandably produces elastomers
with higher elastic moduli.[289] For instance, ABA triblocks composed of polystyrene (A)
and polybutadiene (B) can be modulated to form both viscous polymer lubricants and
robust physically crosslinked elastomeric polymer networks by varying ¢,,[255-2571 Polymer
networks with physical crosslinking expands the range of processability to include casting,
extrusion, electrospinning, and molding.[284.290-293] The combination of processability and
unique mechanical properties makes them useful as substrates in bioelectronics.

In Figure 2 B2, we see an early use of BCP-based elastomers, specifically poly(styrene-6-
butadiene- b-styrene) (SBS), as a substrate for a highly stretchable transistors for wearable
tactile sensing applications.[122] The authors employ electrospinning to cast a film of the
SBS elastomer, and all device elements, including the Au nanosheet conductor, PH3T
polymeric semiconductor, and PEG-based ionic dielectric, were integrated using a stamp
transfer printing technique.[122] This work demonstrates a robust integration technique for
fabricating devices on BCs. Molina-Lopez et al. demonstrated the versatility of processing
BCP-based elastomers by fabricating a multilayer inkjet-printed synaptic transistor arrays on
a styrene-ethylene-butylene-styrene (SEBS) substrate for use as low voltage (~1 V) wearable
devices.[294] The ionic nature of these transistors closely mimic the synaptic behavior of
neurons, making them exciting devices for neural interfaces and neuromorphic processing.
BCP networks with physical crosslinks exhibit significant hysteresis compared to elastomers
with chemical crosslinks.[284] This can be an undesired characteristic for stretchable
electronic systems that experience dynamic loading conditions. Proposed solutions for this
issue involve chemically crosslinking the BCP to create more rigid anchors in the polymer
network[295.296]

2.3. Ultracompliant Substrate Materials in Flexible Bioelectronics

Matching the modulus of the substrate at the tissue-device interface is a dominant principle
when designing devices for seamless integration with excitable tissue.[297:298] |n many
instances, the mechanics and chemistry of electronically excitable soft tissues are dominated
by the extracellular matrix.[299-303] Therefore, integrating active electronic components to
materials that mimic this native environment could ostensibly offer advantages. Specifically,
integrating sensors, traces, and other active components on ultracompliant substrates, such
as hydrogels, is an important step in this evolution.[9] Hydrogels have been used extensively
as coatings for rigid silicon-based neural implants and 1D recording wires to modulate the
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chemistry at the tissue-device interface, but to date have seldom been used as structural
materials.[304-310] Hydrogels are challenging to process into mechanically robust electronic
devices since they are fundamentally incompatible with many microfabrication strategies
that require vacuum, elevated temperature, or exotic organic solvents.[311-313] New concepts
in materials processing strategies and heterogeneous integration catalyzed recent advances in
hydrogel-based bioelectronics.[314-320]

With the development of intrinsically conductive polymers capable of electropolymerization,
such as PEDOT, in situ polymerization of conductive traces within hydrogel substrates has
been explored. Sekine et al. electropolymerized PEDOT on a microfabricated Pt pattern
within a newly crosslinked agarose network (Figure 8, A-i).[321] Repeated electrochemical
actuation using the same set-up is employed to peel off the hydrogel easily. This

simple technique is generalizable to any crosslinkable hydrogel (Figure 8, A-ii). Ido

et al. improve the conductivity of PEDOT electrodes in hydrogel-based networks by
pre-polymerizing PEDOT on Pt traces in acetonitrile, a solvent system that is optimized
for electropolymerization as opposed to hydrogel processing.[322] This can be followed

by casting the hydrogel and PEDOT solution and following the same procedure laid

out previously. These procedures have been used to fabricate advanced electronic tissue
engineering platforms and wearable sensors.[323]

Another important development that enabled the fabrication of such hydrogel-based

devices was an aqueous phase transfer printing process developed by Wu et al.[324] They
demonstrated a versatile technique to transfer print microfabricated metal traces from wafers
with water-soluble sacrificial layers to aqueous pre-swollen hydrogels. This is done by
photopatterning the metal traces on a polyacrylic acid (PAA) sacrificial layer. Hydrogel
precursors are then cast and cured on the substrate before releasing the sacrificial layer.

This method was adapted by Huang et al. to fabricate a multielectrode array on polyethylene
glycol-dopamine (PEG-Dopa) hydrogels for a peripheral nerve interface (Figure 8, B).[126]
As a widely used hydrogel system for a variety of biomedical applications, PEG-based
hydrogels are a natural choice for use in bioelectronics.[325-328] The catechol motifs found
in dopamine improve interfacial adhesion with Parylene C insulating layers, thus facilitating
transfer printing.[329:330] Multi-electrode arrays fabricated using this technique were used as
peripheral nerve interfaces to record from the dorsal root ganglia in feline models.

2.3.1. Tough Hydrogels—Most hydrogel networks have polymer fractions of ¢, <

0.1 and therefore exhibit small elastic moduli because of the volumetric dilution of
crosslinks. The molecular topology endows networks with mechanical compliance at the
expense of toughness with tensile toughness on the order of 10 J m™2 compared to

10,000 J m~2 for typical silicone-based elastomers.[157:331] The typical brittle properties

of hydrogels limit extensibility and therefore bound the potential use as structural materials
for flexible bioelectronic devices. However, the toughness of hydrogels can be increased by
incorporating interpenetrating double networks. For example, polyacrylamide (PAAM) and
alginate double network hydrogels exhibit maximum strains of e, >2000% and fracture
energies of ~9000 J m~2 (Figure 9, i-iii).[137] This toughness is a result of the combination
of a covalently crosslinked network polyacrylamide providing stability by remaining intact

Adv Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balakrishnan et al.

Page 15

on deformation and the mobile ionically crosslinked alginate that reversibly unzips on
deformation.

Lin et al. demonstrated the use of the PAAM-Alginate double network (DN) hydrogel-based
hybrid electronic and diffusive drug delivery devices demonstrated as a proof-of-concept

for wound healing applications (Figure 9, iv).[*58] The conductive traces are preformed
titanium wire that is bent into serpentine structures to enable stretchability. Additionally,
they demonstrate a rigid-island based strategy to bond conventional electronic components
to the hydrogel substrate where the electronic components are encapsulated by PDMS and
bonded to the hydrogel with a silanized glass slide as an intermediary structure. This method
is a promising steppingstone in designing hydrogel-based stretchable electronics. Beyond

Ti wires, conductive elements could include transfer printed metal films, electrodeposited
conducting polymers, or other structures, such as 3D printed colloidal metals.

Other approaches to develop tough hydrogels have involved innovation in supramolecular
polymer networks, nano-clay hydrogel composites, and other combinations of
interpenetrating networks.[332-335] While these strategies have resulted in materials with
promising properties for application in bioelectronics, there has yet to be broad adoption of
tough hydrogels as structural materials in flexible bioelectronic devices, with a few notable
exceptions.[29.336.337]

2.4. Structurally Adaptive Substrates for Bioelectronics

2.4.1. Biodegradable Polymers—Flexible bioelectronic devices fabricated on
transient substrates have several compelling advantages as medical implants. In principle,
transient devices can be implanted and resorbed within the body without the need for
secondary extraction surgeries as in the case for non-degradable systems. To date, transient
electronics have been integrated with naturally derived materials such as silk fibrion,
cellulose, gelatin, and collagen, and synthetic polymers such as poly(lactic-co-glycolic
acid (PLGA), polyurethanes, and poly(Z,&octanediol-co-citrate) (POC).[130.338-342] These
polymers possess a range of varying mechanical properties and degradation characteristics
engineered for unique applications. A common trait of all biodegradable polymers in
implantable electronics is that their degradation by-products must be non-toxic to prevent an
inflammatory response.[343-347]

Biologically Derived Biodegradable Polymers: Silk fibroin is a high molecular weight
protein isolated from the cocoon of the Bombyx morithat is solution processable into
various form factors and exhibits tunable mechanical properties, degradation characteristics,
and crystallinity thus making it an attractive choice as a structural material for transient
bioelectronics.[348-356] The crystallinity and B-sheet content can be tuned by processing
treatments and post-processing conditions, such as treatment with methanol.[357-360]
Crystalline methanol treated films deposited using a layer-by-layer technique are brittle with
a mechanical modulus of 6-8 GPa, ultimate tensile strength of 100 MPa, and exhibit slower
degradation kinetics compared to their amorphous silk fibroin counterparts.[361-363] The
high tensile strength of silk films allows for them to serve as ultrathin substrates in flexible
bioelectronic devices that are intended to conform to curvilinear tissues.[364:365] On the other
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hand, an acetone solvent induced sol-gel transition can be used to fabricate transparent silk
fibroin hydrogels with compressive moduli ranging from 0.4 to 11.5 kPa.[366] Lastly, silk
has served as a particularly unique material in soft electronics as it has been demonstrated
that cross-linking in silk can be controlled by electron-beam radiation.[367:368] This has
allowed silk to be directly exploited as a lithographic resist that can be processed using only
water.[367]

Biologically derived structural polymers such as gelatin and collagen can processed into
films and used as substrates in bioelectronics.[3¢9-373] Through the use of additives such

as glycerol, citric acid, and glucose, Baumgartner et al. process tough gelatin biogels that
can accommodate strains of up to e, = 300%. Conductive zinc traces were defined
through laser patterning to fabricate a wearable sensor capable of monitoring a number

of different parameters such as temperature, humidity, and strain.[£3%] Mammalian collagen-
based glutaraldehyde cross-linked hydrogels have also been used as substrates.[374] The
extent of crosslinking is controlled to demonstrate tunable degradation properties, and a
transfer printing method is optimized to fabricate multilayer device stacks on collagen-based
substrates.

Synthetic Biodegradable Polymers: Aliphatic polyesters such as polylactic acid (PLA)
and poly (lactic-co-glycolic acid) (PLGA) were among the first synthetic polymers
investigated as biodegradable substrates for potential applications in bioelectronics. From
extensive characterization in drug delivery applications, modulation of degradation profiles
of PLA and PLGA is well understood and has been extended to biodegradable electronics
applications.[341:375.376] p|_A substrates have been used to fabricate bioresorbable stents
with integrated bioelectronic sensing of temperature and arterial blood flow.[377] Transfer
printing methods have been developed to fabricate complex Si-based semi-conductor devices
on PLGA substrates.[378] Transient silicon nanomembrane devices have been used for high
resolution spatial mapping of cortical activity, monitoring intercranial pressure in rats, and
wireless bioresorbable cardiac pacemakers.[379-381]

Biodegradable elastomers have also garnered interest as substrate materials for bioresorbable
electronics. Poly(1,8-octanediol-co-citrate) (POC) is one such biodegradable elastomer
initially developed for tissue engineering applications that has been explored as a substrate
for bioelectronics.[382-385] Sjlicon nanomembranes linked into functional devices can be
transferred to POC for use in stretchable pH sensors and wearable electrophysiological
sensors.[38¢] More recently, Choi et al. developed a bioresorbable dynamic covalent
polyurethane (b-DCPU) elastomer for use as a substrate in an electronic stimulation device
for neuromuscular regeneration (Figure 10).[3401 Thermally activated dynamic bonding of
the polymer network enables robust self-adhesion (~500 J m~2), and with inorganic device
components, such as Si, Mo, SiO,, and Mg (>850 J m~2), facilitates facile processing

of stable devices. Additionally, with a controllable elastic modulus between 0.5-3.8 MPa
and yield and failure strains of 25% and 170% respectively, b-DCPU devices are able to
withstand the dynamic environment around the sciatic nerve in mice. The device reliably
stimulates and records /7 vivo for ~30 days, with complete bioresorption within 6 weeks.
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2.4.2. Mechanically Adaptive Polymers—sStiffness tuning or softening polymers are
a compelling choice as substrates in applications requiring the insertion of bioelectronics
into soft tissue, as in the case of cortical probes. As described previously, soft neural probes
with comparable mechanical properties to cortical tissue show lower inflammatory response
and glial scarring compared to stiffer implants.[387-393] However, soft cortical probes must
be able to withstand the insertion forces without buckling. Considering the insertion of a
cortical neural interface where forces up to ~12—-40 mN are needed to penetrate the dura
mater of the brain, a material capable of undergoing a stiff-soft-transition offers unique
advantages with a rigid regime during insertion and soft regime during operation within the
brain.[394-398] This problem has been tackled using several approaches, including hydration-
induced softening, rapidly dissolving stiffeners, shape memory polymer transitions, and stiff
nanofiber and hydrogel composites.[399-405]

A seminal breakthrough towards designing materials capable of significant change in
mechanical modulus was reported by Capadona et al.[406] Bioinspired nanocomposites of
stiff cellulose nanofibers (1.43 GPa) in a soft poly(vinyl acetate) (PVVAc) matrix undergo

a chemically regulated transition from 4200 MPa to 1.6 MPa upon hydration. Specifically,
sulfate groups are introduced onto cellulose nanofiber surface in order to mediate their
interaction through competitive hydrogen-bonding with solvent molecules. This material
has been investigated for use as substrates for neural probes, showing that the softening
material shows significantly lower neuroinflammatory response and improved proximity

of neural cells in chronic use post-implantation in comparison to stiff materials.[394:407]
While this material has shown great promise as an adaptable substrate for neural probes, it
presents challenges in integration with microfabrication strategies as it is incompatible with
typical wet chemicals and temperatures exceeding 100 °C. However, Hess-Dunning et al.
presented a microfabrication strategy involving utilizing a conformal Parylene C protective
coating prior to proceeding with standard microfabrication methods.[4%8] Multielectrode
arrays fabricated using this procedure were implanted in the primary motor cortex of rats
and showed stable recording capability of neural responses (mean SNR ~4) over a period of
16 weeks.

An alternate approach towards designing mechanically adaptable polymers has been
through softening shape memory polymer (SMP) networks on the exposure to elevated
body temperatures. The highly selective thiol-ene chemistry has been utilized to design
shape memory polymers capable of such mechanical transitions.[409.410] A similar thiol-
ene/acrylate polymer system was engineered by Ware et al. in 2012 for use as a
biocompatible softening substrate for responsive neural interfaces.[411-415] This thiol-ene/
acrylate polymeric system is composed of tricyclodecanedimethanol diacrylate and 1,3,5-
triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione monomers that are polymerized under UV
light in the presence of a photoinitiator, 2,2-dimethoxy-2-phenylacetophenone. As a result
of challenges in using conventional electronics processing techniques with this SMP as a
substrate, a transfer-by-polymerization method was used to transfer metallic traces from a
glass-Parylene C substrate by exploiting the weak adhesion of Parylene C on glass, followed
by laser micromachining to define the form factor. Ware et al. illustrated a reduction in
elastic modulus from 1 GPa to 18 MPa upon heating to the physiological temperature of
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37 °C. Through successful recording of brain activity for 4 weeks in mice, Ware et al.
demonstrated a unique approach to solving the challenge of designing probes stiff enough to
be inserted into soft tissue while remaining highly compliant post-implantation.[416]

2.4.3. Adaptive Liquid Crystal Elastomers—Liquid crystal elastomers (LCES) are

a unique class of LCP that possess a combination of stretchability and polymer chain
self-organization that can be used more for shape-changing functional bioelectronics (Figure
2, D4). LCEs are crosslinked polymeric networks with mesogen groups as side chains

that confer smectic arrangements.[417-421] Some LCEs possess the unique capability of
pre-programmed field-responsive shape change based on the alignment of the polymer
chains during the processing of the LCE film.[422-428] |n addition to this active functionality,
LCEs still possess the high thermal and chemical resistance and mechanical robustness

of conventional LCP.[429] Kim et al. showed the first instance of stimulus-responsive

3D electronics systems that are based on LCE substrates by demonstrating a morphing
helical antenna.[129] To achieve this, the LCE precursors were photopolymerized after
aligning azobenzene-dye molecules to program the shape change. The 3D transformation

of the structure occurs through an order-disorder transition at temperatures below the cross-
linking temperature. Similar processing methods were used to fabricate helical LCE-based
multichannel cables integrated with a 16-channel nerve cuff electrode array for peripheral
nerve interfaces and deployable cortical probes.[430]

As a material with rapidly growing interest for applications not just in bioelectronics but
also soft robotics, there is significant progress being made towards processing and patterning
methods of LCEs. While early applications of LCEs utilized techniques such as mechanical
loading or magnetic fields to align the polymer chains within the LCE network, Ware et

al. demonstrate a unique materials chemistry that enables highly sensitive photoalignment

of defined volumes within the LCE polymer network.[31] Since this work, voxelated LCEs
have been utilized for the 3D printing of structures capable of programmable shape change.
[432.433] Additionally, a similar platform has also been used to engineer LCE films with
localized domains with varying stiffnesses.[434] There is significant opportunity in utilizing

the progress in processing LCES to designing unique functional and adaptive bioelectronics.
[435]

3. Packaging and Barrier Layers for Flexible Bioelectronics

3.1. Overview of Technical Challenges

Implantable electronic devices require appropriate insulation from the external environment
to maintain reliable function. Liquid water, dissolved oxygen, ions, water vapor, and other
small molecules can diffuse through barrier layers or defects in barrier layers, accumulate
near sensitive electronic components, and ultimately contribute to device failure. Oftentimes,
it is the performance of the barrier and packaging layers that determines the functional
lifetime of implantable electronic devices.[78:436:437] packaging strategies and materials for
barrier layers for implantable electronics can be informed from innovations in more mature
industries such as consumer electronics.[43843%] However, flexible electronics intended

for use in biomedical applications afford significant additional challenges. Implanted
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devices may be continuously exposed to mechanically dynamic environments, elevated
temperatures, and aqueous solutions with high concentrations of highly mobile and
potentially debilitating ions such as sodium.[440-442] Furthermore, chronically implanted
devices are subject to enzymatic reactions and other biological milieu that can contribute

to additional failure modes.[443] Additionally, barrier layers of implantable electronics must
encapsulate the entire device. From a materials chemistry perspective, the ideal barrier
layer is composed of a material(s) that is (i) insulating, (ii) impermeable to moisture and
ions through highly conformal and low defect density films with negligible diffusivities,
(iii) stable in the presence of proteins and other biomolecules, (iii) highly mechanically
compliant, interact (or not) with the surroundings in the desired manner, and lastly, (iv) able
to maintain these properties over the functional lifetime of the device.

There have been a variety of materials and combinations thereof that have been investigated
as barrier layers for flexible and stretchable bioelectronics. Materials that have been tested
include metallic thin films like Al and Ti, ceramic oxides and nitrides like SiO,, Al,Og3,
HfOy, SigNy, and TiN, and organic polymers like Parylene C, polyimide, and a variety

of dielectric elastomers.[182.217,444-451] These materials have been used both on their own
and in composites in attempts to protect electronic devices from contaminants found in

the physiological environment. The rigid materials (inorganic oxides, nitrides, and metals)
achieve a desired flexural modulus through the use of ultrathin layers that enable flexibility
but not stretchability. On the other hand, the mechanical properties of the organic barrier
layers are determined by the intrinsic properties of the polymer, allowing for both flexibility
and stretchability. Rapid soak tests to evaluate water and ion penetration have shown that
ultrathin ceramic layers perform significantly better than commonly used polymeric barrier
layers. In the next few sections, the advantages and drawbacks of each of these materials
will be presented, in an effort to highlight the importance for careful materials selection
based on the application of the bioelectronic system and the immense scope for innovation
in flexible and stretchable barrier layers.[452:453]

3.2. Techniques to Measure Barrier Layer Performance

Several standardized methods have been established to evaluate the performance of barrier
layers (Figure 11). For flexible barrier layers in bioelectronics, a common method for the
evaluation of barrier function involves soak tests in a solution of phosphate-buffered saline
(PBS), to mimic typical ionic concentrations of biofluids. Often, these tests are performed
in an accelerated format at higher temperatures to extrapolate the characteristics of the
barrier layers at long timescales. The Arrhenius relationship can be leveraged to estimate

true operational time to failure from the accelerated soak tests by calculating the acceleration
factor.[469-471]

Tyccelerated — Ttarget

AF = Qlo 10 , 3)

where Qo Tacceferatecs AN Targer refer to the quantity by which the reaction rate increases
for a 10°C increase in temperature, the accelerated temperature at which the test is
conducted, and the target operational temperature of the device.
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Another common qualitative approach researchers have used involves depositing the barrier
layer over arrays of metals that are known to have high reactivity with water, such as Mg or
Ca.[450.472] The arrays are then subject to aqueous conditions and monitored optically over
time. This method, while qualitative, provides a simple visual way to characterize barrier
performance.

The method described above can be modified to provide quantitative information on the
Water Vapor Transmission Rate (WVTR), one the most common metrics measured in g
m~2 day~! used to evaluate barrier layers.[4731 Commonly referred to as the ‘Ca Test’, the
electrical conductivity or optical transmittance can be measured to precisely measure very
small rates of water vapor permeation.[4741 A more common method for measuring WVTR
requires specialized instrumentation (Ametek MOCON, Minnesota, USA) that uses precise
moisture sensors to measure the permeation of water vapor through barrier layers. Although
these devices are widely used in the electronics packaging community, they are limited

by their minimum measurable WV TR of ~10~3 g m2 day~L.[475] Apart from the Ca test,
multiple research groups have created their own experimental set-ups to measure ultra-low
WVTR (lower than 1076 g m=2 day 1) values by employing tritiated water that can be
mapped using a scintillation counter.[476477] While WVTR values are an important metric
to evaluate biofluid barrier, in practice, the same material can show a wide range of WVTRs
because the fabrication method and defect densities will greatly determine fluid permeation.

The temporal evolution of insulating properties of barrier layers can be evaluated

during soak tests by measuring the electrical properties of test structures.[455478.479]
Electrochemical Impedance Spectroscopy (EIS) is valuable tool to evaluate multiple aspects
of barrier layer function because of its sensitivity to changes in dielectric properties.

By modeling the system as a combination of resistors and capacitors, the EIS spectrum

can provide information on barrier function and the degree of delamination between the
substrate and barrier layer.[480] The percentage of water uptake can be described through the
following relationship:

log(C,/Cp)
o=k “Togey, 4
where C;, Gy, €y and krefer to capacitance at time £ capacitance of the dry film, dielectric
constant of water, and swelling constant of the film respectively.

3.3. Polymeric Barrier Layers

High-performance polymeric barrier layers for use in flexible bioelectronics is a region of
active investigation. Polymers typically have a significantly lower flexural rigidity than
inorganics and can be designed with intrinsic stretchability, making them a promising
candidate for barrier layers. High-modulus inextensible plastics such as polyimide, Parylene
C, SU-8, and LCPs demonstrate superior barrier function compared to low-modulus
amorphous elastomeric polymers such as PDMS, styrene-ethylene-butylene-styrene (SEBS),
and polyisobutylene (PIB). However, several of these materials continue to find successful
use in applications that play to the material strengths. A wide variety of organics have

been used and tested as barrier layers including several of the polymers discussed under
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the section entitled Substrates and Structural Materials. However, even the gold standards

of polymeric barrier layers (i.e. LCP and Parylene C) fall short in barrier function in
comparison to many inorganic materials including oxides and nitrides (e.g. SiO,, Al,0O3, and
SiN3).[78:436:437] | this section, we present a discussion on the different types of polymeric
barrier layers, their advantages and shortcomings, and most importantly, opportunities for
designing the next generation of this important class of materials.

3.3.1. Flexible Polymers as Barrier Layers—Inextensible high-modulus polymers
derive their barrier functionality from the packing density of the polymer chains within

a film, with a greater density corresponding to lower diffusivity of moisture and ions

across the barrier.[482-486] Notably, the high mechanical modulus and inextensible nature of
polymers can also be attributed to the polymer chain packing within a polymer network. The
packing of polymer chains is predominantly controlled by two parameters: crystallinity and
crosslinking density.[487-4891 Among the common inextensible polymeric barriers that will
be discussed in this article, Parylene C, polyimides, and LCPs are crystalline in nature, and
SU-8 is amorphous but highly crosslinked.[499:491] The crystallinity in polyimides, Parylene
C, and LCPs arises from the ordering of long linear polymer chains, with rigid aromatic
components contributing to increased alignment and crystallinity.

Poly(4,4-oxydiphenylene-pyromellitimide) (PMDA-ODA; Kapton, Dupont Wilmington DE,
USA\) is a polyimide used as a structural material for flexible electronics, but less often

as a barrier layer due to its susceptibility to hydrolytic degradation.[492:493] |n contrast

to Kapton polyimides, biphenyltetracarboxylic bianhydride/para-phenylenediamine (BPDA-
PPD; PI2611, U-Varnish-S) is a polyimide that is more commonly used as a barrier layer.
P12611 (HD Microsystems, NJ, USA) films (9 um in thickness) have WV TR of 6 g m=2
day~1.1456] Devices encapsulated in BPDA-PPD can operate for up to 12 months /n vivo and
>20 months in vitro.[493-495]

Parylene C films show a greater degree of crystallinity than Kapton or P12611 with
aWVTR as low as 0.08 g m™2 day~1.14%] This increased crystallinity is attributed

to alignment of chlorinated para-xylylene monomers. Approximately 70-90% of neural
implants encapsulated in Parylene C barrier layers retain function after 29 weeks in an in
vitro soak test as measured by EIS (10% decrease in relative impedance).[45%] Additionally,
accelerated testing of Parylene C suggests that devices can maintain function for >1 year

in physiological buffers at 37°C. With a lower WVTR than PI, Parylene C encapsulated
devices promise more stable device for long-term use. Other accelerated lifetime tests have
also shown that a 10 pm thick Parylene C encapsulated devices have retained function

for 117 days at 75 °C, indicating around a 4.5-year lifetime at physiological temperatures.
[454] However, the major roadblock in implementing Parylene C-based encapsulation is

its poor adhesion with several substrates and metals commonly used in bioelectronics.
[249.497] Techniques such as silanization, O, plasma treatment, mechanical interlocking, and
annealing improve adhesion and reduce risk of delamination between layers.[149.498-500]

LCP are a promising candidate for encapsulation materials because the high degree of
crystallinity results confers excellent barrier properties. In an effort to compare barrier
function of LCP to Pl and Parylene C, Lee et al. performed an accelerated lifetime test in
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a physiological buffer solution at 75 °C where the P1 and Parylene C devices fail in 66

and 117 days respectively while the LCP devices are functional for >300 days.[454] LCP
are most commonly purchased as pre-formed films and can be bonded with like films using
thermal-press bonding.[143:501.502] This ability makes LCP attractive for applications where
it serves as both substrate and barrier as a monolithic encapsulation.

3.3.2. Dielectric Elastomers as Barrier Layers—Dielectric elastomers are a viable
barrier layer owing to the combination of dielectric properties and extensibility. Silicone-
based rubbers like PDMS and Silbione, SEBS, and PIB have all be used as extensible barrier
layers.[449] However, the molecular structure that is a necessary meso-scale component of
extensibility in elastomers is a liability with respect to barrier properties. More specifically,
the characteristically high free volume of elastomers, which confers elastomeric properties
also provides a larger mean free path for diffusion and will make the material susceptible

to high moisture and ionic permeation rates.[503-505] Thijs is primarily because elastomeric
polymeric networks are amorphous and low density as a result of low crosslinking densities.
A comprehensive study presented by Floch et al. employed electrochemical impedance
measurements to evaluate the fundamental limits of dielectric elastomers (PDMS, PIB, and
SEBS).1449] After soaking the test structure in PBS for one week, the impedance of the
elastomers falls by 102-10%, suggesting water and ion penetration into the polymer network.
Additionally, the dielectric elastomer required a minimum thickness of 40 um to maintain
electric function for 1 year of implantation, reducing the benefits of using elastomers by
increasing the flexural rigidity of the material.

While these results indicate that elastomers are not an ideal material for biofluid barriers,
it is valuable to recognize the scope for innovation in materials chemistry to develop
elastomeric materials with improved barrier properties. Additionally, there is an important
role that elastomeric composite multilayer barriers can play that is highlighted in Section
3.5.

3.4. Ceramic Barrier Layers

Inorganic materials are the dominant barrier and packaging materials for conventional
rigid electronics. While macro-scale and some micro-scale electronics have used metallic
barriers like Ti, ceramic oxides and nitrides like SiO5, SisN4, Al,03, HfO,, and TiN

have become the most commonly used barriers in microelectronics.[596-5091 |n addition
to being good insulators, the high packing density of these ceramics enable extremely
small water and ion permeation rates.[510-512] As the interest in mechanically compliant
electronics has increased, researchers have found innovative ways to use similar materials
and fabrication methods to create flexible barrier layers. Taking advantage of the cubic
relation between thickness of a material and its flexural rigidity, numerous studies have
created flexible barrier layers by depositing thin layers of these ceramics. However, the
square relationship between time and length scales for diffusion becomes an important
design consideration. While thin inorganic barriers with a low flexural rigidity improve
the mechanical compliance of the system, they suffer a higher fluid and ion permeation
as a result of the lower diffusion length. It is important to note here that thin inorganic
materials, while flexible, are not intrinsically extensible. Additionally, the ceramics used
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as biofluid barriers typically degrade through hydrolysis and extremely thin layers run the
risk of significantly losing their barrier function over their lifetime.[513-515] However, they
are compelling options owing to their ease of fabrication and integration with conventional
fabrication. Advances in chemistry and fabrication methods have the potential to leverage
the benefits of high-performance inorganic barrier layers with the desired mechanical
compliance provided by polymers.

Ceramic thin films, most commonly oxides and nitrides, have been investigated extensively
as barrier layers for flexible electronics, with the promise of superior barrier function
compared to organic materials. These thin films can be fabricated using a variety of
synthesis schemes, such as chemical vapor deposition (CVVD), atomic layer depostion
(ALD), and thermal evaporation. An important process parameter to note is the deposition
temperatures for each of these processes. Plasma-enhanced CVD (PECVD) and ALD are
often the most widely used synthesis techniques used in flexible barrier layers because

of their low processing temperatures (150-400 °C).[461516,517] This can often be crucial,
depending on the process design, for bioelectronics commonly use polymeric materials that
are unstable at high temperatures. With a more controlled process and highly conformal
film production, ALD films have shown a significantly lower WVTR than CVD films.[481]
However, both CVD and ALD face the challenge of having a non-trivial defect density that
significantly lowers the barrier function as a result of impurities, and chemical effects during
the deposition. While thermally grown oxides show a significantly lower defect density, it
can be challenging to transfer these films and integrate them with bioelectronics.

3.4.1. Silicon-based Barrier Layers—Si-based oxides and nitrides have been widely
explored for their high degree of integration with traditional electronics fabrication
strategies. SiO, and SiNy barrier layers can be synthesized through all the processes
mentioned earlier. PECVD SiO; is typically synthesized with a Silane or Disilane (SiHg,
SioHg) precursor in the presence of nitrous oxide (N2O) and nitrogen gas (N,) at
approximately 350 °C at low pressures (0.2-1 torr).[481] Optimized barrier layers yields
WVTR as low as 0.1 g m~2 day~1.[458481] However, these films are affected by the
significant defect densities produced by the PECVD process. Thermally grown SiO, has a
significantly smaller defect density compared to oxides prepared from deposition techniques
thus achieving superior barrier function compared to films prepared using deposition
techniques, with an ultra-low WVTR of 2x1078 g m™2 day~1 (100 nm film).[457:459]
Furthermore, recent studies have overcome the processing and integration challenges of
thermally grown SiO, by developing a physical transfer method.[457] This method involves
the thermal oxidation of Si at ~1100 °C on device-grade Si wafers followed by etching
techniques and mechanical grinding of the wafer from the bottom to expose SiO» films for
device encapsulation. Accelerated lifetime tests show that devices integrated with t-SiO,
barriers dissolve at a rate of ~15 nm/year, indicating a multi-decade functional implanted
lifetime.[437:457] Figure 12 shows a t-SiO» film integrated with a Si nanomembrane transistor
array and polyimide substrate to form capacitively coupled interfaces with cardiac tissue
and record electrocardiograms. Although t-SiO5 has been used only as a barrier on one side
of this device, t-SiO, can also be used for completely encapsulating thin-film electronic
devices.[185]
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SiNy thin films are most commonly used as a capping secondary layer on a SiO5 layer

to improve the barrier function and reduce the water and ion permeability. SiN, can

be synthesized using CVD and ALD techniques and are often done in plasma-enhanced
conditions to lower the process temperatures. The CVD process to synthesize SiNy uses a
Silane precursor (SiH,) in the presence of Ammonia (NHs3) and Nitrogen gas (N>) at low
pressures (~1 torr) with an operating temperature of approximately 350 °C.[518.519] As 3
result of a higher density than SiO,, PECVD SiNy has shown WVTR as low as 0.01 g
m~2 day~1.1520] A 200 nm thick LPCVD SiN, used as an encapsulation layer for NMOS
transistors maintained stable electrical performance for just under 2 days at 96°C.[447] These
LPCVD SiNy films were found to dissolve at a rate of 0.3 nm day~ at 37°C, explaining
the inferior barrier performance compared to SiO,. There is also interest in used plasma
enhanced ALD techniques to deposit SiNy layers with a lower defect density which have
intrinsic WVTR properties as low as 108 g m™2 day~for a 10 nm layer.[461]

Other approaches to utilizing Si-based materials as barrier layers involve silicon carbide
(SiC) and metal silicides such as titanium silicide (TiSi,).[448:521.522] Djaz-Botia et al.
presented a unique SiC-based neural interface with amorphous SiC as the barrier material
and locally doped SiC as the conductive electrodes.[22] An accelerated aging study
performed at 96°C showed that an amorphous SiC film of 360 nm thickness had leakage
currents lower than 70 nA cm=2 after 60 hours of aging. The excellent barrier properties
were further supplemented by extremely slow dissolution rates compared to SiO, and SiNy.
[523,524] | j et al. demonstrate another approach to stable barriers with low dissolution rates
through interfacing a TiS; layer on active p-doped Si devices.[521] This was achieved by
depositing titanium on the Si followed by thermal annealing. Accelerated lifetime analyses
performed at 96°C showed that a Si/TiS, (140 nm/50 nm) provided stable encapsulation for
a period of 21 days.

3.4.2. Al,O3 Barrier Layers—ALD Al,03 is among the most prevalent materials under
investigation for flexible barrier layers, as a result of its high packing density, low pinhole
and defect densities, and its chemical inertness.[525-5271 |n the ALD process, Al,Os is
typically fabricated using a sequential self-limiting reaction in a chamber with alternating
flows of trimethylaluminum (CH3)3Al followed by H,0 or 03.1528:529] This process can

be undertaken at much lower temperatures than CVD synthesis methods (80-200 °C). The
controlled reaction results in a much lower defect density, resulting in superior barrier
properties.[530] Al, O3 barriers synthesized by ALD methods have shown WVTR values in
the range of 1073 to 107® g m=2 day~ (#= 25-100 nm).[462.531]

3.5. Multilayer Barrier Layers

Multilayer barriers have a significantly better barrier function than single layers by relieving
the detrimental effects of critical defects, such as pinholes and grain boundaries. This can
be intuitively understood as an increase in complexity of the path a water molecule or ion
needs to take to penetrate the barrier. Additionally, the multilayer barrier can be designed
with materials with different strengths, achieving a more universal barrier. Researchers have
pursued a variety of composite strategies, from ceramic nanolaminates, to inorganic-organic
multilayers, to organic multilayers.
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Ceramic nanolaminates have shown among the highest performance in terms of barrier
function in flexible electronics. For instance, alternating 2 nm layers of Al,O3 and ZrO,
synthesized using ALD with a total height of 30 nm have shown strong barrier function
with a WVTR of lower than 2x10~4 g m=2 day~1.[465] Additionally, Al,04/SiO, multilayers
deposited by ALD with an 86 nm height have WV TRs as low as 5x107° g m~2 day1.[476]
While many of these studies have been performed in the context of optoelectronics and
OLED:s, there are a few instances of ceramic bilayers in flexible bioelectronics. Song et al.
reported a flexible biofluid barrier comprised of a thermally grown SiO, layer capped with
a layer of HfO, deposited using ALD that extends device lifetimes by >10x compared to
single layer of thermally grown SiO; by slowing the dissolution rate of the SiO, layer, the
primary failure mode of thermal SiO, barriers.[463]

Conventional approaches to organic-inorganic multilayer barriers have typically involved
enhancing the moisture barrier functions of Parylene C by supplementing it with a ceramic
thin film. The barrier functionality of Parylene C has been shown to improve multiple-

fold with the addition of SiNy, Al,03, SiO,, and TiO,.[467.479] However, there is also

the potential for engineering composite multilayers to possess unique functionality that is
difficult to achieve with a single material type. Song et al. demonstrate the value of such
composite structures through /7n vitro accelerated lifetime tests with trilayer assemblies of
t-Si0,, HfO,, and Parylene C with thicknesses of 50, 50, and 100 nm respectively.[450]
Devices encapsulated with this barrier assembly fail after 13 days at 95°C in pH 7.4 PBS
solution, indicating a multi-decade stability of over 50 years under physiological conditions.

As described previously, the lack of extensibility is a major shortcoming of the inorganic
barrier layers that otherwise seem to have superior function. Floch et al. presented a
compelling attempt to engineer extensibility in typically rigid materials like SiO, by
depositing it on a pre-stretched elastomeric substrate.[32] This is a technique commonly
employed in generating stretchable interconnects from conventionally rigid materials but has
not been thoroughly investigated for the purpose of barrier layers.[333-535] |n this work, the
authors demonstrate that a wrinkled SiO, layer remains intact after 10000 cycles of strain

at 100%. This is a promising strategy for stretchable ceramics that have potential use as a
barrier layer in flexible implantable medical devices.

3.6. Novel Bioinspired Barrier Layers

Barrier layers comprise the vast majority of the surface area of an implantable device. As
such, the surface chemistry of barrier layers dictates the abiotic-biotic interface and govern
the downstream response to implantable devices. As a result, there is an emerging interest in
engineering encapsulation materials that confer biocompatibility, dictate cellular responses,
and control bioresorption /n vivo. Here, we outline a few key advances in such designer
biocompatible barrier materials.

In transient bioelectronic implants, there is a need for robust and controllable encapsulation
materials to be developed. While hydrolytically degradable inorganic ceramic barriers are
promising for transient devices, they are stiff, brittle, and challenging to integrate with

soft electronics. In contrast, common degradable polymers are hydrophilic and swell in
water, making them poor insulation materials. Choi et al. reported a class of UV-curable
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biodegradable hydrophobic polyanhydrides with tunable mechanical (£=5-25 MPa,

emax = ~30%) and degradation (0.05-1.15 mg/day) characteristics (Figure 13, A).[536]
Through controlling the thickness of the polyanhydride film, functional device lifetime was
modulated between 13 and 95 hours in PBS at 37 °C.

To improve biocompatibility and cellular adhesion in implantable devices, Ju et al.

proposed a bioactive photo-cross-linkable silk fibroin (PSF) capable of being patterned using
conventional photolithographic techniques (Figure 13, B).[537] By grafting methacrylate
groups onto pendant hydroxyl species on the silk fibroin, a crosslinked silk films can

be produced with enhanced crystallinity compared to unmodified silk fibroin films. The
resultant PSF films (£=15.6+1.1 GPa) insulate thin-film metal electrodes for 21 days with

a less than 20% decrease in impedance. Additionally, /n7 vitro cell culture studies on PSF
indicated significantly improved cellular adhesion compared to glass and SU-8 substrates.

For non-transient bioelectronic applications, a similar effort to improve interfacial adhesion
and biocompatibility was described through an aramid nanofiber and epoxy composite.
[538] Device soak tests using interdigitating electrodes structures sandwiched between the
nanocomposite films indicated an order of magnitude higher impedance compared to
Parylene C encapsulated structures after 45 days. /n1 vitro cell culture studies indicate a
significantly improved cell adhesion on the nanocomposite substrate compared to Parylene
C.

3.7. Future Outlook on Barrier Layers

Although barrier layers are an area of active investigation with significant progress

being made in the recent years, barrier layers remain a bottleneck in the realization of
chronic implantable bioelectronics. With new barrier layers and processing technologies
continuing to emerge, there is considerable friction in their implementation by the broader
bioelectronics community. Existing barriers like Parylene C, polyimide, and dielectric
elastomers are often suitable for demonstrating novel device concepts in academic settings
due to their satisfactory performance, ease of processing, and versatility. However,
therapeutic bioelectronic devices for use in humans will almost certainly need breakthroughs
in the chemistry and processing of barrier layers. While recent progress in integrating thin
film ceramic barrier layers and multilayer structures is highly promising, heterogenous
integration, film adhesion, and delamination remain as critical bottlenecks.[539.5401 With the
need to account for the intrinsic trade-off between stretchability and barrier properties,

the robust and repeatable integration of high-performance inorganic barrier layers and
composite multilayer structures with mechanically compliant electronics will emerge as a
particular area for improvement. Materials chemists will continue to play critical roles in
developing the next generation of barrier layers that will promote implantable bioelectronic
devices from laboratory curiosities into powerful therapeutic tools.

4. Flexible Electronic, lonic, and Hybrid Conductors

As with the other components of a soft bioelectronics device, the ideal conductive layer will
also be mechanically compliant and biocompatible. Conductive materials used in traditional
electronics tend to be rigid and may degrade in biological conditions. Biologically inert
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conductive materials (e.g. Au, Pt, Mo), while rigid in bulk, may be structured in various
nanoscale and microscale configurations capable of extending to strains necessary for in
vivo applications (e.g. 30% for cardiac applications) without breaking ohmic contact.[20]
We present the most promising biocompatible conductive materials by highlighting recent
exemplary /n vivo applications with demonstrated robustness and potential for clinical
translation.

4.1. Nanowires and 1D Materials

Nanowires have gained considerable interest in recent years for stretchable applications,
owing to its high stretchability, high conductance, low percolation threshold, and potential
for biocompatibility.[39:544.545] Carbon nanotubes (CNTSs),[546] silver nanowires (AgNW),
[547] and gold-coated titanium dioxide nanowires (Au-TiO, NW)[48] have been the most
commonly applied materials for biomedical applications. However, concerns of toxicity
from CNTSs have limited its biomedical applications to epidermal sensors, while early
reports of cytotoxicity from AgNW have prompted some researchers to study other
materials.[107:547.549] Stjll AgNW may be the most prominent material for in vivo
applications of nanowires in recent years, and representative recent reports of AQNW and
Au-TiOo NW are presented.

Silver nanowires have recently been used in an epicardial bioelectronic patch by Sim et

al. (Figure 14, A).I542] A stretchable AgNW/PDMS composite was used as the conductive
traces, while novel rubbery transistors made of AuNP-coated AQNW/PDMS electrodes
were used in a 5x5 active matrix for spatiotemporal mapping. The transistors showed no
degradation over a few weeks in biofluid while encapsulated in PDMS. All components in
the device had Young’s moduli in the range of 0.1-10 MPa, improving upon prior epicardial
devices that utilized rigid materials and approaching those of the heart. [20.110,550,551][20]
The authors noted that their rubbery transistor could be stretched to a maximum of 30%
strain, but slight changes to the field-effect mobility, threshold voltage, and on/off ratio were
observed which partially recovered upon releasing back to 0% strain.

AgNW have recently been explored as a transparent and flexible conductor for optical
biointerfacing by Chen et al. (Figure 14, B).[542] as an alternative to previously

reported brittle indium tin oxide (ITO)[%2] and potentially cytotoxic carbon nanotubes
(CNT).[352:553] As a proof-of-concept, AgNW microelectrodes embedded in PDMS were
used to measure a blue light excitable opsin, channelrhodopsin-2, which is commonly
measured to evaluate atrioventricular block in mice.[54:555] Measurements from the AgNW
microelectrodes closely aligned with those from the commercial reference (9.7 + 0.5 and 9.8
+ 0.4 ms respectively) while demonstrating high optical transparency (>90.0% transmittance
at 550 nm), low impedance (3.4-15 Q cm=2 at £=1 kHz), and low sheet resistance (4.1-25

Q cm~2).553] Chen et al. further demonstrated the possibility of using AgNW for optical
mapping of a common fluorescent dye (i.e. di-4-ANEPPS) in a rat heart to obtain high
transmittance values (81.4% and 82.4% at 530 and 705 nm respectively). The devices were
found to cause mild inflammation four weeks after implantation, and further investigation is
necessary for chronic applications.
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Concerns over the toxicity of silver in implanted devices have led researchers to explore
alternative structures.[107549] Gold-coated titanium dioxide nanowires (Au-TiO; NW)
embedded in PDMS were used in a porcine study for continuous heart volume monitoring
via strain measurements by Dual et al. (Figure 14, C).[543]1 The heart volume and

stroke volume measurements from the implantable strain sensor showed moderate to high
correlation (R = 0.44 to 0.79) with values from the clinical standard (i.e. ultrasound)

and demonstrated a lower error versus the clinical standard (7.1 mL and 14.0 mL
respectively) when compared to impedance measurements. The robustness of the sensor
was demonstrated by showing little resistance change after autoclaving and immersing in
Ringer solution for seven days. Continuous monitoring of the resistance during cycling at
30% strain over 72 h ex vivo (compared to the 48 h typically needed for heart monitoring
post-surgery) showed a modest increase in resistance, which is expected to confound heart
volume measurements. The authors attributed this to the reorientation and disconnection
of the Au-TiO, NW over time, which are shorter than modern AGNW (~10 um vs >20
um), and argue that preconditioning the strain sensor before implantation would allow the
resistance changes to reach a plateau.

4.2. Nanoparticles and Low-Dimensional Colloids

Conductive paths of nanoparticles are capable of reorganizing to a greater degree than other
materials, leading to a strain dependent percolation threshold and allowing the material

to be incorporated in other networks, such as those of crosslinked polymers.[39559] Ag
nanoparticles (AgNP) continue to be the most widely used nanoparticle conductor for in
vivo applications, perhaps owing to its established use in the health industry as antibacterial
agents, cosmetics, and food storage,[56%] while other materials (e.g. Au nanoparticles) have
seen limited use as stretchable conductors but are favored for other applications (e.g.
analytical chemistry).[561,562]

By using Ag flakes instead of nanowires, conductivity can be incorporated into a wider
range of polymers, allowing for more diverse applications. Song et al. recently incorporated
Ag flakes into a self-healing polymer composite ((PDMS)-4,4’-methylenebis(phenyl urea)
(MPU)q 4-isophorone bisurea units (1U)g g)) to interface with a sciatic rat nerve (Figure

15, A).[556] The Ag flake composite self-bonded to the encapsulating layers (which were
also composed of self-healing polymers) without requiring additional adhesive layers due
to the homogenous interface. The reduced mechanical mismatch allowed for a robust
chronic implantation, retaining a signal-to-noise ratio of 1.76 after 6 weeks. The authors
further demonstrated reduced leakage of Ag ions from the implant by including an Au
nanomembrane, although some leakage was observed after a long time (17.03 ppm after 32
weeks).

Ag ions can be incorporated into commercial polyurethane (PU) fibers to create robust,
sensitive, and biocompatible capacitive strain sensors, as reported by Lee et al. using

a simple fabrication process (Figure 15, B).[557:563] The commercial PU-based spandex
fibers are cleaned then immersed in a 40 wt% AgCF3COO/ethanol solution for 30 mins to
incorporate the ions, then reduced in a 1:1 hydrazine hydrate/ethanol solution for 5 mins to
convert the ions into nanoparticles. Bundling the filaments together allowed for a resistive
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strain sensor (gauge factor ~35 for strains up to 100%) that can measure bladder filling and
voiding in ex vivo porcine subjects. Lee et al. further demonstrated the material in a passive
wireless resistor-inductor-capacitor (RLC) strain sensor by configuring two filaments into a
double helix. Each filament was individually coated in Ecoflex and the dielectric core was
kept hollow, allowing for a sensitivity of 12 (defined as &(AC/ Cy)/ Se, which exceeded those
of prior capacitive strain sensors.[564:565] Porcine leg strains were measured wirelessly in
vivo using this passive circuit, and maintained its efficacy over 3 weeks. While the device
did not impede the growth of cardiac microvascular endothelial cells over 3 weeks in vitro,
the authors reported that future works may replace the Ag nanoparticles with Au to improve
biocompatibility.

To address hysteresis commonly found in sensors based on viscoelastic materials, sensors
based on poroelastic networks have potential applications for rapid long-term cycling, such
as epicardial recording. Kim et al. incorporated poroelasticity into a 3D-printed PDMS/
SiO,-PS silica mix via steaming (Figure 15, C).[558] The rapid evaporation/absorption of
water molecules turned the ink into a sponge-like foam with pore diameters ranging from

5 to 50 pm. The pore diameters were well-suited for the incorporation of Ag flakes, which
was simply added via immersion in a hexane-Ag flake solution, then plated with Cu and Au.
The resulting device had a maximum strain greater than 100%, bending stiffness of 8.0x10’
GPa pm?, an elastic modulus of 29 kPa, an impedance of 1.0 kQ at 7= 1 kHz, and a reduced
hysteresis of 4.3 + 0.5 kJ m™ compared to that of the unsteamed control (23.6 + 8.7 kJ
m~4). The mesh layout of the poroelastic material combined with the low bending stiffness
allowed the device to adhere to the epicardium tissue via capillary adhesion and conformal
contact, allowing for a robust measurement of electrocardiogram (ECG) signals on murine
and porcine hearts without slipping. While no cytotoxicity was seen over 24 h, significant
inflammation was observed after 14 days, and long-term continuous recording (>24 h) was
not obtained, indicating more work is needed for chronic implantation.

4.3. Thin Film Metals

The possibility of incorporating established nanofabrication methods from the silicon
industry into stretchable materials may be the most compelling reason for the study of
stretchable thin film metals as a scalable technology. In addition, thin film metals can utilize
a wide range of inert materials (e.g. Au, Pt), leave a minimal footprint for bioresorbable
applications, and provide the uniformity necessary for sensing applications. While not
intrinsically stretchable, developments in structural designs of thin films have allowed for
strains typically in the range of 30-50%, and up to 100%, enabling its use in a wide variety
of recent in vivo applications.[569-571]

The thin film method is ideal in highly sensitive electrochemical sensing applications,
where good uniformity in thickness and an ultrathin (30—-300 nm) nanomembrane layer are
typically desired.[372:573] For example, nitric oxide (NO) is an important biomarker linked
to neurotransmission, immune responses, and cardiovascular systems, among others.[574575]
However, its detection requires either indirect methods (e.g. by measurement of nitrite ion
NO,") or real time measurements due to its short half-life, low concentration (nM to uM),
and chemical interference.[>76] A highly sensitive (3.97 nmol detection limit) NO sensor
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was developed by Li et al. by implementing ultrathin (32 nm) Au nanomembranes with

a poly(eugenol) coating in a bioresorbable polymer (Figure 16, A).[566] The sensor was
implanted in a rabbit and detected NO over a wide range (0.01-100 pM) while maintaining
selectivity for NO due to its poly(eugenol) coating. In addition, the sensor could withstand
strains of 50% with minimal resistance changes after 1000 cycles and fully dissolved in PBS
after 15 weeks.

A common and facile approach for imparting extensibility onto thin metal films is to use
well-established photolithography approaches to form serpentine paths of metal, typically
encapsulated in polyimide, which can deflect out of plane and extend up to 300% strain.
[577] This idea has been extended into various three dimensional geometries, and their
extensibility mechanism has been characterized in terms of compressive buckling.[267] Han,
Chen, Aras et al. have recently used this thin film approach to create an extensible sensor
array on a balloon catheter (Figure 16, C).[568] Pressure, temperature, and strain sensors
were incorporated into an 8x8 array with 3D serpentine gold interconnects capable of
withstanding strains up to 30%. By using thin (300 nm) and uniform gold films, the design
was shown to be scalable and reproducible with high linearity (/2> 0.996), uniform
sensitivity (mean 8.2 x 107> kPa~1, s.d. 7.8 x 1076 kPa~1), and low hysteresis (difference

in AR/R < 0.014%). Han, Chen, Aras et al. further demonstrated the ex vivo robustness of
the sensor in both rabbits and humans. While the balloon catheter approach may preclude
the possibility of chronic implantation, the authors propose this stretchable sensor design as
a proof-of-concept for diagnostic measurements during short-term and minimally invasive
procedures.

Stretchable thin film conductors can be easily integrated with rigid components using
established techniques in microfabrication, allowing for small and sophisticated devices.
For example, Ausra et al. have recently developed a wireless and battery-free optogenetic
stimulator with the LED probe attached via a serpentine copper trace (17.5 pm thick) (Figure
16, B).[567] The device consists of commercial components, including a microcontroller,
capacitor, inductive coil, and an antenna, powered wireless by magnetic resonant coupling.
The fully implantable device had a maximum dimension of 13.50 mm and was implanted
onto a murine skull without penetrating the blood-brain barrier. The stretchable copper
trace exhibited a maximum strain of 100% and linked the LED probe and the rigid
components. The flexibility offered by the stretchable conductor allowed for a facile and
precise application to the skull, while its compatibility with the conductive material of the
rigid components simplified the fabrication process. While the study lacks the possibility of
chronic implantation due to the use of toxic materials, the proof-of-concept demonstrated
that the use of well-established components and fabrication methods can lead to robust
wireless devices for in vivo applications.

4.4. Other Conductors

Conductive polymers continue to be an active research topic for biomaterials and have
demonstrated record tensile strains (>100%), low moduli (kPa-MPa), and conductivity
(101-10% S m™1),[578-582] among other tunable characteristics such as anisotropy, &3]
adhesiveness,[156.584-586] and hiodegradability.[>871 A wide range of polymers are being
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explored as stretchable semiconductors, optimizing for charge carrier mobility,[587-589]
device density,[5%1 jonic transport,[59] and neuromorphic computing.[92] Typically, carrier
mobilities of 1071-100 cm? V=1 s71 are reported, with minimal variation under applied
strains of >100%. Conductive polymers limit the overall impedance of devices due to
their mixed conductor characteristic allowing them to be modeled as a capacitor and
resistor in parallel, and have been used as device coatings.[309:593-59] while the potential
for unique properties abound, significant barriers for clinical translation exist, including
lack of regulatory approval for new materials, minimal toxicity and stability research,

and limited compatibility with established microfabrication techniques. However, a few
notable conductive polymers have been demonstrated in recent /n vivo applications -

e.g. PEDOT:PSS for electrophysiological recording, [276:594.597-599] holypyrrole (PPy) as
an anisotropic cardiac patch,°83] and poly[3-hexylthiophene] (P3HT) nanoparticles for
neuronal photostimulation[®%%] - and are the nearest candidates for clinical translation.

Metallic glasses have gained interest as a next generation fiber material owing to their

high conductivity, elasticity, fracture toughness, hardness, and corrosion resistance.[601-605]
However, their complex formation mechanisms have been difficult to characterize and
sensitive to experimental details.[5%6] In recent years, Yan et al. have developed a thermal
drawing method, similar to the manufacturing process of optical fibers, that is capable

of generating metallic glass fibers with extreme aspect ratios (i.e. 40 nm to 20 pm in
thickness, >28 m in length).[607-6091 By choosing a polymer and metallic glass with

similar crystallization kinetics (i.e. polyetherimide and Ptg7 5Cuy4 7Nis 3P22 5), the co-drawn
material can be scalably redrawn at 260°C in multiple steps to reduce the thickness from

20 um to 40 nm while generating lengths up to 28 m. The authors state that the method
could potentially be used to generate kilometer-scale fibers. Yan et al. implemented the
metallic glass fibers in a murine neural implant, which successfully recorded neural activity
for up to six weeks, after which the signal-to-noise ratio became inhibitive. This initial
proof-of-concept allows for new potential applications in flexible electronics that require
high density and aspect ratio fibers, such as in optoelectronics, wearables, and neuroscience.

5. Conclusion

This article emphasized how advancements in materials chemistry contributed to furthering
the goal of integrating soft electronics with the human body. The materials most frequently
explored by soft electronics researchers in recent years were presented categorically by

the three major components of any bioelectronics system: substrates, barrier layers, and
conductors. While many notable and scientifically interesting examples exist, we highlighted
recent major works that demonstrated robustness via thorough /n vivo investigations.

In these discussions, we described specific challenges that must be addressed as we look
towards the future of flexible bioelectronics. Broadly, there are several bottlenecks and
opportunity gaps for the widespread adoption of flexible bioelectronics in medicine. First,
there is a need for the development of versatile materials for encapsulating not just flexible
inextensible devices but also stretchable and ultracompliant devices for long-term use in
the human body. With inorganic materials showing the most superior barrier function

but the poorest mechanical biocompatibility and polymers displaying the exact opposite,
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there is an opportunity to develop robust composites or novel materials that can sustain
dynamic biomechanical loading conditions for a multi-decade device lifetime. Second, there
is a need for a thorough follow-up to successful bioelectronic device implementations

with an emphasis on repeatable and scaled manufacturing methods. While demonstrations
of implanted soft devices abound, robust chronic implantation has yet to be thoroughly
demonstrated. With increased interest in designing custom functional materials for specific
applications, materials chemistry will be crucial to designing scalable manufacturing
methods.
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(Left) The mechanical description and figures of merit of three regimes of bioelectronics
devices: A. flexible electronics (0.1-100 GPa),[41] B. stretchable electronics (0.1-100 MPa),
[39] and C. ultracompliant electronics (1-100 kPa).[>] (Right) A biomechanical description
of target organs and loading conditions for mechanically compliant bioelectronics
deployment: skin,[6%] peripheral nerves,[61-641 heart,[65-67] retina,[68.69] and brain.[70-72]
Reproduced with permission.[”3] Copyright 2017, Elsevier.
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Figure 2.
Timeline outlining the evolution of mechanically compliant substrates in bioelectronics

towards softer devices designed to maximize biological integration. Substrate materials are
roughly classified into four categories — A. Flexible, B. Stretchable, C. Ultracompliant,

and D. Structurally Adaptive. Key advances from each category have been presented

on the timeline and select examples have been featured through the following pictures:

AL. Polyethylene Terephthalate (PET). Reproduced with permission.[117] Copyright 1974,
Springer Nature. A2. Parylene C. Reproduced with permission.[118] Copyright 2003, IEEE.
A3. Liquid crystal polymers (LCPs). Reproduced with permission.[119] Copyright 2009,
Association for Research in Vision and Ophthalmology. A5. SU-8 epoxy. Reproduced

with permission.[120] Copyright 2009, Elsevier. B1. Stretchable Si on PDMS. Reproduced
with permission.[121] Copyright 2006, The American Association for the Advancement

of Science. B2. Organic transistors on styrene-butadiene-styrene (SBS). Reproduced with
permission.[122] Copyright 2014, John Wiley and Sons. B3. Muti-modal PDMS electronic
dura mater. Reproduced with permission.[123] Copyright 2015, The American Association
for the Advancement of Science. C1. Silver nanowires on polyacrylamide. Reproduced with
permission.[124] Copyright 2014, American Chemical Society. C2. Printed silver flakes on
gelatin methacrylate (GelMa). Reproduced with permission.[123] Copyright 2017, Elsevier.
C3. Transfer printed polyethylene glycol-dopamine (PEGDA). Reproduced with permission.
[126] Copyright 2017, John Wiley and Sons. D2. Ultrathin 1 um polyethylene napthalate

Adv Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Balakrishnan et al.

Page 55

(PEN). Reproduced with permission.[127] Copyright 2014, IEEE. D3. Syringe injectable
SU-8. Reproduced with permission.[128] Copyright 2015, Springer Nature. D4. Morphing
electronics on a liquid crystal elastomer. Reproduced with permission.[*291 Copyright 2019,
American Chemical Society. D5. Transient devices on gelatin biogels. Reproduced with
permission.[13%] Copyright 2020, Springer Nature.
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Figure 3.

A. Polyethylene terephthalate (PET)-based bioelectronic device for controlled drug delivery
within the cerebral cortex (i, ii). Demonstration of temporal control over dissolution of a
gold membrane to release the drug (iii). Reproduced with permission.[159 Copyright 2018,
Elsevier. B. Inkjet-printed impedance sensors on polyethylene napthalate (PEN) substrates
for early detection of pressure ulcers in mice. Reproduced with permission.[168] Copyright
2015, Springer Nature.
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Figure 4.

Polyimide-based bioelectronic implants for electrophysiology. A. Capacitively-coupled
neural sensors capable of high density 1008 channel electrodes for multiplexed
electrocorticograms on a polyimide substrate. Reproduced with permission.[18%] Copyright
2020, The American Association for the Advancement of Science. B. Open-mesh
architectures using etched polyimide substrates capable of highly conformal recordings with
improved signal-to-noise ratio compared to complete films. Reproduced with permission.

[112] Copyright 2010, Springer Nature.
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Figure 5.

SU-8 epoxy substrates for flexible neural interfaces. A. A neural probe photopatterned

with microfluidic channels for simultaneous drug delivery and electrophysiology (i,

iv), demonstrated through increased neural activity on the delivery of potassium
ions(iv).Reproduced with permission.[203] Copyright 2012, Elsevier. B. Photopatterned
syringe-injectable mesh electronics (i, ii) deployed in murine brains that promote
biointegration (ii), reduce glial scarring (v), and can record field potentials (iii) and single
neuronal activity (vi). Reproduced with permission.[214] Copyright 2017, National Academy
of Sciences. Reproduced with permission.[213] Copyright 2016, Springer Nature.
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Figure 6.

Parylene C based bioelectronics for implantable applications. A. Laser cut Parylene C
substrates for kirigami enabled stretchable multielectrode arrays for electrophysiological
monitoring (i, ii, iii, iv), capable of high-resolution electrocardiography (v, vi). Reproduced
with permission.[135] Copyright 2018, John Wiley and Sons. B. 265 PEDOT:PSS electrode
array on 2 um Parylene C to record neural activity from human epileptic patients.
Reproduced with permission.[220] Copyright 2015, Springer Nature. C. Flexible blue
organic light emitting diode (OLED) on Parylene C substrates (i) for optogenetic muscular
stimulation (ii) and electromyogram recording (iii, iv). Reproduced with permission.[248]

Copyright 2020, National Academy of Sciences.
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Figure 7.

Polydimethylsiloxane (PDMS) and PDMS derivatives for wearable and implantable
bioelectronics. A. 3-dimensional printing strategies for PDMS substrates and platinum
nanoparticle inks to form /n situ stretchable conductors to rapidly prototype electrode
arrays (i, ii) for neuromuscular stimulation and recording. Reproduced with permission.
[271] Copyright 2020, Springer Nature. B. Ethoxylated polyethylenimine (PEIE) additive
in PDMS elastomers to produce softer and stickier elastomers for wearable devices.
Reproduced with permission.[273] Copyright 2016, John Wiley and Sons. C. Viscoplastic
PDMS derivatives and plasticized PEDOT:PSS conductors for morphing electronics

in regenerating peripheral nervous interfaces (i, ii, iv), with superior signal-to-noise
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performance compared to fixed cuff electrodes (iii). Reproduced with permission.[276]
Copyright 2020, Springer Nature.
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A. Electropolymerized PEDOT in Hydrogels

i. Electropolymerization fabrication schematic ii. PEDOT electrodes on a collagen hydrogel

B. Catechol-modified PEG Hydrogels

i. Sacrificial layer-enabled transfer printing ii. Hydrogel device in a feline model

Hydrogel
precursors

Figure 8.
A. Electropolymerization technique for patterning PEDOT polymer electrodes in hydrogel

matrices. Reproduced with permission.[321] Copyright 2010, American Chemical Society.
Reproduced with permission.[322] Copyright 2012, American Chemical Society. B.
Catechol-modified polyethylene glycol hydrogels (PEGDA) substrates for peripheral nerve
interfaces in feline models fabricated using an aqueous phase transfer printing technique.
Reproduced with permission.[126] Copyright 2018, John Wiley and Sons.
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Figure 9.

Polyacrylamide (PAAmM) and alginate double network tough hydrogels for ultracompliant,
stretchable, and adhesive electronics. (i, ii, iii) Reproduced with permission.[*57] Copyright
2012, Springer Nature. (iv) Reproduced with permission.[138] Copyright 2016, John Wiley

and Sons.
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Figure 10.
Bioresobable dynamic covalent polyurethane (b-DCPU)-based neuromuscular stimulation

device for peripheral nerve regeneration (i, ii), tested /7 vivo on growing rat sciatic nerves

(iii), with stable operational voltages for over 145 hours (iv). Reproduced with permission.

[340]1 Copyright 2020, Springer Nature.
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Figure 11.
Schematic describing the four primary techniques to evaluate barrier layer performance.

A. Water vapor transmission rate determination using the Ametek MOCON platform or a
calcium test, B. Visual degradation studies using dissolvable metals such as magnesium,

C. Electrochemical impedance spectroscopy to determine water uptake or delamination,

and D. Device performance rapid soak tests at elevated temperatures. Al, calcium test.
Reproduced with permission.[481] Copyright 2016, Elsevier. B, visual Mg degradation test.
Reproduced with permission.[463] Copyright 2017, John Wiley and Sons. C, electrochemical
impedance spectroscopy. Reproduced with permission.[449] Copyright 2020, American
Chemical Society. D, rapid soak test. Reproduced with permission.[430] Copyright 2018,
American Chemical Society.
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Thermally Grown SiO, Barriers for Capacitively-Coupled Sensors

i. Device schematic ii. Image of device during bending
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Figure 12.
Thermally grown SiO, barrier layer integrated with Si nanomembrane transistor array

to function as capacitively coupled interface with cardiac tissue (i-iii), capable of stable
electrical performance over time (iv), and monitoring cardiac electrophysiology (V).
Reproduced with permission.[182] Copyright 2017, Springer Nature.
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i. Fabrication schematic
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Figure 13.

Page 67

Novel biocompatible and bioinspired designer barrier materials. A. UV-cured biodegradable
polyanhydride barrier layers (i), tested using dissolution experiments with Mg conductors
(ii). Reproduced with permission.[®36] Copyright 2020, John Wiley and Sons. B. Photo-
cross-linkable silk as insulators for multielectrode arrays (i), tested using electrochemical
impedance spectroscopy (ii), and /n vitro cell culture (iii). Reproduced with permission.[537]

Copyright 2020, National Academies of Sciences.
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A. Epicardial Patch using AGNW/ Nanowires and 1D Materials
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Figure 14.
Recent /n vivo applications of nanowires. A. Epicardial patch for temperature and strain

sensing using a AGQNW/PDMS composite as the conductive material and novel rubbery
transistors. Reproduced with permission.[>41] Copyright 2020, Springer Nature. B. AgNW
used in a transparent multielectrode array for optogenetics studies and cardiac activation
mapping. Scale bar: 5 mm. Reproduced with permission.[42] Copyright 2021, John Wiley
and Sons. C. Au-TiO, NW used for cardiac strain sensing. Reproduced with permission.[543]
Copyright 2020, John Wiley and Sons.
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A. AgNP composite in electronic epineurium
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Figure 15.

Recent /n vivo applications of nanoparticles. A. AgNP used in a self-healing polymer
composite for a flexible electronic epineurium. Reproduced with permission.[556] Copyright
2020, Springer Nature. B. AgNP incorporated into double helical polyurethane fibers

for wireless capacitive strain sensing. Reproduced with permission.[557] Copyright 2021,
Springer Nature. C. AgNP incorporated into a poroelastic 3D-printed cardiac strain sensor.
Scale bars: 1.5 mm, 1.5 cm. Reproduced with permission.[558] Copyright 2021, Springer

Nature.
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A. Flexible Au nanomembrane for NO sensing Thin Film Metals
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Figure 16.
Recent /n vivo applications of thin film metals. A. Ultrathin Au hanomembrane used for

highly selective and sensitive NO sensing. Scale bars: 5 mm. Reproduced with permission.
[566] Copyright 2020, Springer Nature. B. Wirelessly powered neural stimulator made using
established nanofabrication techniques and a stretchable copper electrode. Reproduced with
permission.[367] Copyright 2020, Springer Nature. C. Stretchable thin film interconnects
used in a balloon catheter with integrated pressure and temperature sensing array for cardiac
activation mapping. Scale bars in i: 2 mm. Scale bars in ii: 2 mm, 500 pm. Scale bar in iii: 1
mm. Reproduced with permission.[568] Copyright 2021, National Academy of Sciences.
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Table 1.

Summary of mechanical and thermal properties of common polymeric substrates.

Page 71

Material Modulus Strain at T a) T b) T c) Fabrication Methods Thickness Refs
[Pa] break glass melt deg Range
[%] [°C] [°C] [°C] [um]
Polyesters
Polyethylene 3.3x10° 80-115 78 255 - Molten extrusion, cold >1 [138,139]
Terephthalate (PET) rolling
Polyethylene 6.25%10° 42 120 263 - Molten extrusion, cold >1 [138,139]
Naphthalate (PEN) rolling
Polyimides
Kapton 100 HN 2.5%10° 72 360-410 - >500 Film extrusion 12.5-125 [140]
PI 2611 8.5x10° 100 360 - 620 Spin coating 3-9 [141]
Liquid Crystal Polymers
Velctra A950 7-10x10° 5.7 110 280 380 Film extrusion 25-3000 [142-144]
Epoxies
SU-8 2-5x10° 6.5 200 - 380 Spin coating, UV 0.2-300 [145-147]
curing
Poly(para-xylylene)
Parylene C 3x10° 25-200 80-100 290 >125 CVDd) 0.2-100 [148-151]
Elastomers
PDMS 5-100x108  10-1000 -150 - 400-650  Molding, spin coating, >1 [152-154]
3D printing
Hydrogels
Polyethylene glycol- 1.8x107 300 - - - Electrochemical >1000 [126,155,156]
dopamine gelation, molding
Polyacrylamide- 1-3x107 2000 - - >225 Molding, 3D printing 1500-3000 [157,158]

alginate

a .
) Tglass: glass transition temperature;

b)
2

a)

Tmelt. melting temperature;
Teg: degradation temperature;

CVD: Chemical Vapor Deposition
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Table 2.

A summary of salient characteristics of polymer, inorganic, multilayer, and composite barrier materials
evaluated for flexible electronic applications.

Material Thickness Fabrication WVTRa) Accelerated Lifetime Failure Refs
[pum] Method N N Test Mechanism
[g m™ day™]
Polymer Films
. b o Defects (Cracks, pinholes), — [454:455]
Parylene C 3-45 cVvD ) >4 year at 37°C Delamination
Polyimide P12611 9 Spin-coat 6 - Defects (cracks, pinholes) [456]
- . 456
S|I|coré(éé\gED6 12 Spin-coat 7 - High Moisture Diffusivity [esel
- 454
L'q;é?y(r‘;]rgftal 25 Thermo-press - >300 days at 75°C Diffusivity, Delamination s

Inorganic Thin Films

Hydrolytic Degradation [436,457]

t-SiO, 0.1 Thermal growth 2E-8 22 days at 70°C (15 nm/year @ 37°C), ionic
diffusion
; 0.1 (double- Hydrolytic Degradation, [458]
c -
Si0, 0.1 pecvD? side) Defects
; ; High Freq. : } Hydrolytic Degradation [459,460]
SiNy (SigNa) 0.43 PECVD 4.39E-04 (18.3 nm/day @ 87°C)
. d Order of } [461]
0.01-0.04 pEALDY 6.6
Hydrolytic Degradation [447]
0.2 LPCVD - 2 days at 96°C (0.3 nm day 1), defects
(pinholes)
Al,04 0.025 PEALD 1.7E-05 - Hydrolytic Degradation [462]
Inorganic Multilayers
SiO,/SiNy 0.1/0.2 Thermal growth/ - 16 years at 37°C [447]
LpcvD?
t-SiO,/HfO, 0.1/0.1 Thermal >40 years at 37°C HfO,: Pinhole Defects [463]
growth/ALD
Al,05/TiO, 0.003, 12 PEALD 1.81E-04 - [464]
Nanolaminate alternating
layers 1.8/0.75A
Al,04/Zr0, 0.03 ALD 2.00E-04 - [465]
Composite Multilayers
SiNy,-PMMA-SiN, 0.05/0.3/0.05 PECVD/Spin- 8.00E-04 - [466]
coat/PECVD
SiN,-Parylene C 0.1 PECVD/Vacuum  1.00E-02 - [467]
Deposition
Parylene C/HfO,/t- 0.05/0.05/0.1 CVD/ALD/ 13 days at 95°C [450]
SiO, thermal
Al,O3/Parylene C 0.05/6 PEALD/CVD >3 years at 37°C [468]
a) .
WVTR- water vapor transmission rate;
b) . .
CVD- chemical vapor deposition;
¢
PECVD- plasma-enhanced CVD;
ad),

PEALD- plasma enhanced atomic layer deposition;
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g LPCVD- low-pressure CVD
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