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soft, irregularly shaped biological tissues. This mismatch
induces interfacial stresses and motion-induced damage,
which, together with biochemical incompatibility, can lead to
tissue inflammation, fibrotic encapsulation, and premature
device failure.9…12 At the molecular level, interfacial stress
and micromotion can activate cellular mechanotransduction
pathways, including integrin…focal adhesion signaling and
cytoskeletal remodeling.13,14 These processes trigger immune
activation and cytokine release (e.g., TNF-a, IL-1b, and IL-6),
which recruit macrophages and fibroblasts to the interface. 15

Sustained inflammatory signaling and TGF-b…mediated path-
ways further promote extracellular matrix deposition and fibro-
tic capsule formation, progressively isolating the device from
surrounding tissues and degrading signal coupling. 9 In addition
to mechanical incompatibility, biochemical mismatch between
synthetic materials and the native extracellular matrix can disrupt
the interfacial microenvironment. Protein adsorption and bio-
fouling on material surfaces often initiate immune recognition,
leading to macrophage activation, cytokine release, and foreign-
body responses that contribute to f ibrotic encapsulation and long-
term device failure.16 At the cellular level, these perturbations can
alter cell morphology, cytoskeletal organization, and adhesion
signaling, influencing the behavior of immune cells such as
macrophages and fibroblasts at the interface.17 Persistent inflam-
matory signaling further promotes extracellular matrix (ECM)
remodeling, including collagen d eposition and fibrotic capsule
formation around implanted devices. 10 These processes progres-
sively modify the local microenv ironment, increase interfacial
impedance, and ultimately contribute to the foreign body
response that isolates the device from surrounding tissues.
Importantly, mechanical compli ance at the device level alone
does not guarantee functional stability, as both biosignal acquisi-
tion and therapeutic stimulatio n essentially rely on efficient
coupling across the tissue…device interface.18…20

To address these challenges, extensive e�orts have been
devoted to optimizing both device architectures and material
compositions. Structural design strategies provide mechanical
compliance by allowing rigid components to deform with
the surrounding tissue, 21,22 while the soft and biologically

compatible materials further en hance mechanical compatibility
and interfacial stability. 23…25Notably, device architecture and
material composition are often intri nsically coupled, jointly govern-
ing interfacial stress distributi on and contact mechanics. These
approaches have substantially improved the robustness and long-
evity of tissue…device integration. However, interfacial stability is
not a static outcome of material softness or structural compliance;
rather it is a dynamic process shaped by mechanical loading,
biochemical exposure, and biological remodeling over time.

Achieving robust tissue integration therefore requires a
comprehensive understanding of the interfacial interactions
that govern contact, adhesion, and long-term stability at the
tissue…device boundary. These interactions can be broadly
categorized into physical, chemical, and biological mechan-
isms. Physical forces govern initial contact and conformability,
chemical interaction„particularly covalent bonding„enhance
interfacial toughness, and biological responses ultimately
determine chronic biocompatibility. Understanding how these
mechanisms operate across length and time scales is essential
for designing interfaces that preserve both functional perfor-
mance and tissue health.

In this review, we summarize the fundamental interfacial
mechanisms that govern tissue…device coupling. Adopting a
mechanism-driven perspective, we then discuss key principles
underlying structural designs and material innovations. We further
review recent fabrication strategies enabling soft, conformal, and
multifunctional bioelectronics, fo llowed by representative applica-
tions in sensing, stimulation, and therapeutic systems. Finally, we
outline emerging opportunities and remaining challenges that will
shape the next generation of tissue…bioelectronics interfaces. Col-
lectively, this review provides a framework that links interfacial
mechanisms to material selection, structural design, and fabrica-
tion strategies for achieving stable tissue…device coupling.

2. Interfacial mechanisms
At the device…tissue boundary, bioelectronic performance is
governed by a set of interfacial mechanisms that determine
how interfaces form, stabilize, and evolve over time. These
mechanisms determine how effectively a device conforms to
tissue, maintains adhesion, and preserves stable signal cou-
pling over time under physiological conditions. Here we cate-
gorize interfacial interactions into three principal classes:
physical interactions (e.g., van der Waals forces and capillary
effects),20,26 chemical interactions dominated by covalent
bonding between device surfaces and tissue components,27

and biological interactions mediated by cell adhesion and
immune signaling. 28 An overview of these interaction types is
provided in Fig. 1. By outlining these foundational processes,
we establish a conceptual framework for the rational design of
stable and long-lasting device…tissue interfaces.

2.1. Physical interactions

Physical interactions govern the formation of initial contact
and conformal coupling between bioelectronic devices and soft
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biological tissues, spanning length scales from molecular-level
surface forces to macroscopic structural engagement (Fig. 1a).
At the microscale, weak noncovalent interactions, including
van der Waals forces and hydrogen bonding, contribute to
intimate surface contact and adhesion. 26,29 At larger length
scales, capillary forces arising from interfacial fluids, as well as
geometric and mechanical interlocking enabled by device
architecture or tissue microtopography, can also enhance inter-
facial adhesion and load transfer. 20,30 Collectively, these physi-
cal interactions play a central role in minimizing interfacial
gaps, achieving conformability, and stabilizing tissue…device
interface under physiological deformation.

2.1.1. van der Waals interactions. van der Waals interac-
tions arise from dipole…dipole interactions between adjacent
matter and are ubiquitous when materials are brought into
close proximity. Although individually weak ( B0.5…5 kJ mol�1),31

their collective contribution can yield appreciable interfacial
adhesion when conformal contact maximizes effective contact
area, particularly in ultrathin and mechanically compliant
devices. Skin-like electronic systems have demonstrated robust
adhesion relying solely on van der Waals interactions, enabled by
intimate conformal contact that maximizes the effective interfa-
cial area and by their ultralight we ight. Such epidermal electronic
systems support high-fidelity recording of electrophysiological
signals such as electrocardiogram (ECG), electroencephalogram
(EEG), and electromyogram (EMG), as well as multimodal sensing

of temperature, strain, and optical signals. 26 Importantly, van der
Waals…mediated interfaces can support not only passive sensing
but also the reliable operation o f active electronic components
such as transistors on soft and dynamic tissues. For example,
stretchable electronic membranes incorporating molybdenum
disulfide (MoS2) nanosheet…based exhibit enhanced resistance
to motion-induced artifacts compared with conventional gel-
based Ag/AgCl electrodes, yielding improved signal-to-noise ratios
under dynamic skin deformation. 32

2.1.2. Hydrogen bonds. Hydrogen bonding arises from
directional interactions between hydrogen donors and electro-
negative acceptors in neighboring molecules and is particularly
prevalent at tissue…device interfaces due to the abundance of
hydrogen-bonding functional groups in proteins. Weak hydro-
gen bonds (E10…40 kJ mol�1) undergo rapid exchange and
contribute limited interfacial stability in aqueous environments,
where water molecules readily compete for bonding sites.33

In contrast, stronger and more directional hydrogen bonds, such
as those formed between carboxyl groups and amino acid resi-
dues (E71…85 kJ mol�1),33 can provide a basis for more stable
interfacial adhesion. When present at high density, hydrogen
bonds enable efficient load sharing and continuous bond refor-
mation at the tissue interface, collectively yielding strong and
fatigue-resistant adhesion under wet and dynamic conditions. 34

Consequently, hydrogen-bond-based tissue adhesion strategies
are widely employed in hydrogel-based tissue adhesives.29,34…37

Fig. 1 Interaction on tissue-bioelectronics interface. (a) Physical interactions. (b) Covalent interactions. (c) Biological interactions.
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2.1.3. Electrostatic interactions. Electrostatic interactions
arise from Coulombic interaction between oppositely charged
species and are common at tissue…device interfaces due to the
abundance of charged functional groups in biological tissues. 38

Several studies have demonstrated strong tissue adhesion
mediated by electrostatic interactions. 39,40 However, electro-
static interactions are often screened by dissolved ions in
physiological environments, which substantially limits their
contributions in long-term adhesion when used in isolation.

2.1.4. Chain entanglement. Chain entanglement provides
a noncovalent yet mechanically robust mechanism for tissue
adhesion through interpenetration and topological constraints
of long polymer chains at an interface. The process typically
involves di�usion of polymer chains or monomers into the
tissue surface, followed by network formation and solidifica-
tion that locks the matrix in place. Chain entanglement-based
adhesion is particularly e�ective at overcoming interfacial
hydration layers and accommodating irregular and rough tis-
sue surfaces, and is therefore widely adopted in many glue-like
tissue adhesive systems.41…43

2.1.5. Capillary adhesion. Capillary adhesion, governed by
liquid-mediated capillary forces that develop at two solid inter-
faces through meniscus formation in the presence of a thin
fluid layer, is frequently exploited to stabilize and fix bioelec-
tronic devices, as internal organs are intrinsically hydrated.
Under thin-film approximation, the capillary pressure scales
inversely with the interfacial separation and depends on the
combined wettability of the two surfaces: 44,45

DP ¼ g cos y1 þ cos y2ð Þ
h

(1)

where g is the surface tension of the liquid, y1 and y2 are the
contact angles on the two surfaces, andh is the interfacial gap
thickness. Because the surface tension of biological fluids and
tissue wettability are largely fixed under physiological condi-
tions, engineering strategies that reduce the device contact
angle and minimize the thickness of the interfacial hydration
layer are e�ective routes to enhance capillary adhesion. The
resulting adhesion energy generated by capillary forces typically
falls in the range of B10…100 mJ m�2, making this mechanism
particularly well suited for thin, flexible implantable electronic
systems.20,46…48

2.1.6. Mechanical fixation. Mechanical fixation stabilizes
tissue…device interfaces through geometric interlocking, fric-
tion, or physical confinement, and is inherently insensitive to
surface chemistry, hydration layers, or ionic environments.
Representative strategies include sutures, staples, barbs and
microneedles provide robust fixation under large deformation
and dynamic loading, but often induce tissue damage. Less
invasive approaches, including suction-based attachment and
mechanical interlocking structures, have been explored to
stabilize devices under wet conditions.49…51 However, their
broader application to bioelectronics remains limited, due to
the complex mechanical and biological characteristics of living
tissues.

2.2. Covalent interactions

Covalent interactions establish strong linkages between bioe-
lectronic devices and biological tissues, with bond dissociation
energies typically in the range of B100…800 kJ mol�1,27 sub-
stantially exceeding those of noncovalent physical interactions
(Fig. 1b). Owing to their short interaction range, covalent bonds
require intimate molecular contact and precise chemical com-
plementarity between functional groups on device surfaces and
reactive moieties within tissue constituents. In physiological
environments, blood and interstitial fluids present on the
tissue surface may foul device surfaces or compete with tissue
functional groups, thereby compromising effective covalent
bonding. 27 To overcome these challenges, covalent interactions
are typically combined with strategies that disrupt interfacial
hydration layers and with physical interactions that promote
rapid conformal coupling and molecular proximity between
devices and soft tissues.35,39,42 Within this framework, a range
of covalent chemistries has been developed to enable tissue…
device bonding by targeting functional groups common to both
bioelectronic materials and biological tissues.

2.2.1. N-Hydroxysuccinimide esters. N-hydroxysuccinimide
(NHS) esters are among the most widely used chemistries for
protein modification and bioconjugation. 52 This reactivity has
been adapted for hydrogel-based adhesive systems, in which
NHS ester groups incorporated into polymer networks form
covalent bonds with tissue amine- and thiol-containing groups
on tissue under physiological conditions. 35,43,53 In addition to
mediating tissue bonding, NHS esters are frequently employed
as crosslinkers to generate covalently bonded polymer net-
works, producing bulk adhesive matrices that form the basis
of several commercial medical glues.54,55 Despite their versati-
lity, NHS esters are susceptible to hydrolysis, which poses
challenges for long-term storage and reduces bonding e�-
ciency in persistently wet conditions.

2.2.2. Aldehydes. Aldehyde-based chemistries have also
been extensively explored as reactive platforms for covalent
tissue adhesion owing to their ability to form Schi� base
linkages with amine groups on biological tissues and to induce
covalent crosslinking within polymer matrices. 56,57 This dual
functionality underlies the design of commercially available
medical glues in which glutaraldehyde-induced crosslinking
generates a robust bulk adhesive matrix while anchoring to
tissue surfaces.58 However, Schi� base bonds are dynamic and
relatively low in bond stability, 59 and residual aldehyde species
can raise concerns regarding cytotoxicity and long-term
biocompatibility.

2.2.3. Cyanoacrylates. Cyanoacrylates represent one of the
most widely used classes of chemical adhesives, owing to their
rapid bonding kinetics and strong adhesion. In fact, household
••super glue•• formulations are based on cyanoacrylate chemis-
try. Cyanoacrylate adhesion relies on anionic polymerization
that is initiated by trace amounts of moisture, amines or other
nucleophilic species present on surfaces, leading to rapid
in situ polymerization and the formation of solid polymer
networks that anchor to the substrate at the interface. 60,61

Short-chain cyanoacrylates, suchas methyl and ethyl cyanoacrylate,
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exhibit extremely rapid polymerization kinetics and release sub-
stantial heat during curing. In wet biological environments, these
monomers often react prematurely with interfacial water, limiting
e�ective bonding to underlying tissue surfaces. To overcome these
challenges, commercial medical glues employ cyanoacrylate mono-
mers with longer alkyl side chains to deliberately moderate poly-
merization kinetics and improve handling and biocompatibility in
physiological environments. 62…64Nonetheless, the relatively fast
degradation of cyanoacrylate-based adhesives generally restricts
their use to short-term applications. 65

2.2.4. Catechol. Catechol-based chemistries, inspired by
mussel adhesion, have been widely exploited in biomimetic
adhesive systems.66…68Catecholic moieties support multimodal
adhesion by enabling physical interactions, such as hydrogen
bonding and p…p interactions, as well as multiple covalent reac-
tion pathways with nucleophilic groups on tissue components. 69

When oxidized to quinones, carbonyl groups can form Schiff base
linkage with amines, while benzene ring can form covalent
interaction with amines, thiols and imidazole. 70 While catechol
offers versatile and strong tissue adhesion, its susceptibility to
uncontrolled oxidation and self-cr osslinking complicates regula-
tion of quinone reactivity, posing challenges for practical and
reproducible long-t erm applications.

2.2.5. Other functional groups. Other reactive functional
groups, such as isocyanates, and aryl azides, have also been
explored for covalent tissue adhesion, owing to their strong
electrophilicity and ability to react with nucleophilic groups on
biological tissues.71,72 However, these chemistries remain relatively
underutilized in tissue…bioelectronics applications, owing to con-
cerns related to cytotoxicity, nonspecific reactivity, limited stability
in wet physiological environments, and practical challenges such as
the need for additional activation steps or specialized reaction
conditions, which complicate their use in clinical settings.

2.3. Biological interactions

Biological interactions govern the long-term fate of bioelectro-
nic devices by mediating dynamic and reciprocal processes
between implanted materials and living tissues at the tissue…
device interface (Fig. 1c). Unlike physical and chemical inter-
actions that primarily determine initial contact and adhesion,
biological interactions operate over extended time scales and
shape chronic biocompatibility by regulating immune recogni-
tion, cellular behavior, and tissue remodeling at the cellular
and molecular levels. While foreign body reactions„character-
ized by macrophage activation, foreign body giant cell for-
mation, and fibrotic encapsulation„represent a prominent
and often adverse biological response to implanted devices,15

biological interactions extend beyond these defensive processes
to include adaptive and integrative responses such as cell
adhesion, migration, differentiation, and functional tissue
integration. 28 Collectively, biological interactions determine
whether bioelectronic interfaces are merely tolerated, actively
isolated, or ultimately integrated with host tissues.

2.3.1. Passive interfaces. Passive interfaces aim to improve
long-term tissue compatibility by minimizing biological pertur-
bation at the tissue…device interface. These strategies rely

primarily on biomimetic mechanical and structural design
principles, including soft materials, miniaturized dimensions,
and tissue-matched geometries, to reduce mechanical mis-
match and foreign-body recognition following implantation.
By limiting the magnitude of injury, micromotion-induced
stress, and abnormal force transfer, passive interfaces can
attenuate immune activation and delay the onset of chronic
inflammatory responses.73,74 Ultra-thin polymer…metal…poly-
mer architectures exemplify this approach, as their extremely
low bending stiffness enables close mechanical matching with
soft tissues and has yielded encouraging performance in long-
term implantation studies. 75…77More recently, hydrogel-based
electronics have attracted increasing attention, as their intrin-
sically soft, hydrated, and viscoelastic nature closely resembles
that of biological tissues, further promoting mechanical com-
patibility and interfacial stability. 78…80

2.3.2. Bioactive interfaces. Bioactive interfaces refer to
engineered tissue…device interfaces that actively interact with
and regulate the biological micr oenvironment through biochem-
ical functionalities. By incorporating bioactive cues, such as
extracellular matrix proteins, adhesion molecules, and growth
factors, these interfaces are designed to modulate host responses
such as immune activation, infla mmation, and tissue remodeling,
rather than relying solely on passive mechanical accom-
modation. 81…83 In addition to immunomodulation, bioactive
interfaces can enhance selective adhesion of target cells by
presenting specific biochemical signals that promote controlled
cell…material interactions.82,84 Through these mechanisms, bioac-
tive strategies can influence macrophage polarization, suppress
fibrotic capsule formation, and enhance cell adhesion at the
interface, thereby improving long-term functional stability and
signal fidelity of implanted bioelectronic devices.

2.3.3. Biohybrid interfaces. Biohybrid interfaces represent
a more integrative strategy in which living biological compo-
nents„such as cells or tissues„directly with electronic
systems to establish dynamic, bidirectional interactions. 28

By leveraging the inherent adaptability of living tissues, biohy-
brid interfaces o�er unique opportunities for achieving long-
term functional integration and adaptive performance. For exam-
ple, the use of a sciatic nerve fragment as a biohybrid electrode
has enabled stable long-term neural recordings with minimal
foreign body response following chronic implantation. 85,86 Simi-
larly, cell-seeded electrodes have shown improved performance in
neural recording and neural regeneration by using living cellular
components to promote tissue integration and functional cou-
pling at the interface. 87…89However, a key limitation of biohybrid
approaches is the extended time„often weeks to months„
required stable physiological inte ractions with host tissues, which
remains a barrier to rapid functional deployment. 28

3. Principles for conformal interface
on irregular surfaces
While the interfacial mechanisms discussed above elucidate
how tissue…device interactions arise at the molecular, cellular,
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and tissue levels, effective bioelectronic integration ultimately
requires precise control over physical contact between devices
and complex biological surfaces. The stability of such confor-
mal interfaces is governed by the interfacial adhesion strength
and the mechanical rigidity of the device. Whereas strategies to
enhance adhesion strength were addressed in Section 2, this
section focuses on fundamental design principles for reducing
device rigidity to enable conformal contact.

Here, we highlight two fundamental design strategies: struc-
tural engineering, which enables devices to geometrically adapt
to tissue curvature and motion, 22 and materials development,
which utilizes intrinsic material properties to match tissue
softness, stretchability, and physiological environments. 23,24

Together, these principles establish a unifying framework for
designing bioelectronic interfaces capable of maintaining
robust and durable contact with irregular biological surfaces
in both wearable and implantable applications.

3.1. Principles of structure engineering for conformal
interfaces

Structural engineering in bioelectronic interfaces refers to the
deliberate design of device geometry, architecture, and layout
to tailor e�ective mechanical behavior beyond intrinsic mate-
rial properties. Among the relevant mechanical parameters,
bending sti�ness is a primary determinant of structural flex-
ibility. For a rectangular thin-film or beam with width b and
thickness h, the bending sti�ness ( D) is given by:90

D ¼ E
bh3

12
(2)

where E is the Yong•s modulus of the material. The cubic
dependence on thickness highlights the dominant role of
thickness reduction in enhancing structural flexibility.

Consequently, many structural strategies for flexible bioelec-
tronics promote bending-dominated deformation.

A representative example is the use of serpentine geome-
tries, which transform axial deformation into bending and
rotation of curved segments, thereby substantially reducing
e�ective sti�ness and material strain. 91 Under bending-
dominated conditions, curved-beam mechanics suggests that
the e�ective sti�ness ( ke� ) scales as:92…94

keff �
EI

R2L
� Ehw3

yR3
(3)

where I is the second moment of area, R is the radius of
curvature, and L is the arc length, h is beam thickness, w is
width, and y is the central angle. This scaling highlights the
importance of large radius-to-width ratios in enabling high
conformability and stretchability without excessive strain.

Since biological tissues exhibit highly irregular, multiscale
surface geometries, achieving conformal interfaces requires
devices to be su�ciently flexible such that interfacial adhesion
can overcome structural sti�ness. As a simplest model, con-
sider a rectangular thin film with Young•s modulus, thickness,
and total length, conformally wrapped around a cylindrical
substrate of radius (Fig. 2a), the required adhesion energy in
unit area (g) can be expressed as:20

g � Eh3

24R2
(4)

For a representative material (E E 3 GPa) conforming to a
cylinder (R E 1 cm) via capillary interaction ( g E 10 mJ m�2),
the film thickness must be below B20 mm.

To model more complex geometries such as brain gyri, a
pair of partially overlapping cylinders connected by a smooth
arc can be considered (Fig. 2b). In this case, conformal

Fig. 2 Representative structural engineering models and strategies for conformal tissue�bioelectronics interfaces. (a)�(d) Representative conformal
bioelectronic�tissue interface geometries. (a) Rectangular thin film conforming to a cylindrical substrate. (b) Rectangular thin film adhered to partially
overlapped cylinders. (c) Circular thin film conforming to a hemispherical substrate. (d) Circular strip conforming to a hemispherical substrate. (e)
Representative structural engineering strategies.
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adhesion requires the film thickness h to satisfy:20

R sin y
d � R sin y

þ dR cos y
d � R sin yð Þ2

� 24gR2

Eh3

� �
1� d

R sin y
þ dy cos y

R sin2 y

� �
¼ 0

(5)

with

y ¼ sin�1
d

Rþ r

� �
(6)

Using human cortical parameters (R E 6.14 mm, d E
5.93 mm, r E 1.72 mm), the required thickness decreases to
B4.9 mm under capillary adhesion. 20

While cylindrical surfaces are developable and can, in
principle, be conformally wrapped by thin films without indu-
cing in-plane strain, many organs„such as the brain, heart,
and stomach„exhibit non-developable geometries. For a pla-
nar circular thin film of radius r placed on a hemispherical
surface of radius R (Fig. 2c), the circumferential mismatch
between the film and substrate inevitably induces out-of-
plane deformations such as wrinkling or buckling. However,
when the contact area is su�ciently small ( y { 1), this
mismatch becomes negligible and conformal contact can be
achieved.

An alternative solution for non-developable surface is to
replace continuous films with narrow strip geometries (Fig. 2d).
In this case, the required adhesion energy can be expressed as:20

g ¼ EI

R2
þ w2Eh

24r2
1�

��������������

1� r2

R2

r ! 2

(7)

where w is the strip width. Thin and narrow strips dramatically
reduce the adhesion energy required to achieve conformal contact
with non-developable surfaces, making capillary adhesion su�-
cient even on complex surfaces.20

Taken together, these analyses show that achieving confor-
mal interfaces with biological tissues fundamentally requires
devices to be both thin and spatially small. Thickness reduction
minimizes bending sti�ness through its cubic scaling, thereby
lowering the energetic penalty associated with bending.
Simultaneously, reducing the lateral dimensions limits geo-
metric mismatch, allowing modest adhesion energies to over-
come the residual mechanical resistance. Here, these geometric
and structural characteristics are collectively described as the
device form factor, which encompasses its thickness, lateral
dimensions, feature size, and architectural layout, and governs
its mechanical behavior and interfacial conformability. In this
context, large form factor typically corresponds to devices with
extended spatial coverage or continuous geometries, whereas
small form factor refers to devices with reduced feature sizes or
discretized architectures that enable enhanced conformability.

Guided by these principles, a range of structural designs
have been developed to enable conformal interfaces between
bioelectronics and biological tissues (Fig. 2e). Ultrathin struc-
tures, with thicknesses on the order of tens of micrometers or

less, substantially reduce bending sti�ness and allow relatively
adhesion provided by van der Waals interactions or capillary
forces to be su�cient for achieving conformal interfaces with
biological tissues.3,26,32,95Microstructure engineering enhances
conformability by introducing local mechanical compliance, in
particular, micro-scale features such as microwrinkles and
microcracks enable thin films to accommodate large deforma-
tions and complex surface curvatures by redistributing strain
and reducing e�ective sti�ness without sacrificing material
integrity. 96…99Kirigami-inspired designs introduce programma-
ble cuts into thin films that transform in-plane stretching and
compression into out-of-plane rotation, bending, and buckling
of discrete structural units, enabling bioelectronics to accom-
modate large deformations and complex, non-developable sur-
face curvatures while maintaining mechanical integrity and
functional continuity. 100…102 Island-bridge designs connect
rigid functional components with highly compliant intercon-
nects, preserving high electronic performance while enabling
mechanical adaptability. 103…105Mesh electrodes further mini-
mizing bending stiffness and volumetric footprint, enabling
intimate mechanical coupling with soft and dynamic biological
tissues.20,82,106…108Although increasingly minimal form factors
improve mechanical flexibility and interfacial conformability,
they often trade off component density and fabrication
complexity.

3.2. Principles of materials development for conformal
interfaces

Materials development provides a complementary route to
conformal bioelectronic interfaces with soft and irregular bio-
logical tissues by enabling shape adaptation and stress accom-
modation through intrinsic deformation behavior. From a
mechanics perspective, materials employed for conformal bio-
electronic interfaces can be classified according to their con-
stitutive deformation behavior into elastic, viscoelastic, and
viscous regimes, each o�ering a distinct mode of conformal
adaptation through reversible deformation, time-dependent
stress relaxation, or flow. This classification highlights
how di�erent materials accommodate tissue deformation and
maintain conformal interfaces under physiological conditions.
Representative materials within these regimes include elasto-
mers such as silicones and polyurethanes (elastic),109…111

hydrogels (viscoelastic),37,43,78,112,113 and paste-like or liquid
materials such as conductive gels or liquid metals (viscous).

Elastic materials (Fig. 3a), characterized by a dominant
storage modulus (G0) compared to the loss modulus (G00), store
the majority of the mechanical energy induced by deformation
in a recoverable elastic form and obey Hooke•s law, in which
deformation ( e) is linearly and instantaneously proportional to
the applied stress (s):114

e ¼ s
E

(8)

where E is the elastic modulus. As a result, sustaining stress is
required to maintain conformal contact. Reducing elastic mod-
ulus lowers the stress needed to accommodate tissue curvature,
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thereby mitigating interfacial stress and facilitating the for-
mation of conformal interfaces at soft and irregular tissue
surfaces.

Viscoelastic materials (Fig. 3b), characterized by comparable
storage and loss moduli (G0 E G00), dissipate a significant
fraction of the mechanical energy induced by deformation
and exhibit time-dependent mechanical behavior. Notably,
many soft biological tissues also display viscoelastic responses
over physiologically relevant timescales.115 Such behavior can
be approximated by the Maxwell model:116

de
dt
¼ 1

E

ds
dt
þ s

Z
(9)

where e is the strain, s is the applied stress, E is the elastic
modulus representing elastic energy storage, Z is the viscosity
associated with viscous dissipation, and t denotes time. Con-
sequently, time-dependent deformation allows viscoelastic
materials to gradually adapt to the substrate geometry, leading
to partial relaxation of interfacial stress and stabilization of a
conformal interface.

Viscous materials (Fig. 3c), characterized by a dominant loss
modulus (G00 c G0), dissipate mechanical energy primarily
through viscous flow and exhibit negligible elastic energy
storage. Their deformation is governed by a constitutive rela-
tion of the form: 117

s ¼ Z
de
dt

(10)

where s is the applied stress, e is the strain, Z is the viscosity,
and t denotes time. Viscous materials readily flow to conform to
complex substrate geometries, such that conformal interfaces
can be maintained with negligible interfacial stress. However,
due to the lack of elastic restoring forces, viscous materials

have limited ability to maintain a stable shape, making them
more suitable for short-term applications.

Elastomers, owing to their low elastic moduli and large
reversible deformability, are widely used in bioelectronics to form
conformal interfaces with soft tissues. Among these materials,
silicone rubbers are one of the most extensively adopted elasto-
mers due to their low Young•s moduli (B10 kPa…1 MPa), which
are comparable to those of many soft biological tissues, as well as
their excellent chemical stability and established biocompatibility,
enabling reliable long-term interfacial contact in implantable
systems.96,109,110,118In addition to silicones, thermoplastic poly-
urethanes (TPU) and styrenic thermoplastic elastomers, such
as poly(styrene…ethylene…butylene…styrene) (SEBS), poly(styrene…
butadiene…styrene) (SBS), and poly(styrene…isoprene…styrene)
(SIS), are also commonly employed at biointerfaces. Owing to
their mechanical resilience and structural stability, elastomeric
materials are widely used not only as substrates and encapsula-
tion layers in wearable and implantable bioelectronics, 19,26,119,120

but also as stretchable matrices for conductive composites and
compliant interconnects. 121,122Their ability to sustain large rever-
sible deformation while maintaining structural integrity makes
them particularly suitable for devices that undergo repeated
mechanical loading, where mechanical robustness and long-
term durability are required. 123…127

Hydrogels represent a representative class of viscoelastic
materials for conformal tissue interfacing, owing to their low
e�ective moduli, high water content, and pronounced stress
relaxation behavior. Unlike elastic elastomers, hydrogels
undergo time-dependent deformation under sustained loading,
allowing interfaces to gradually adapt to surface roughness and
complex tissue geometries while partially releasing interfacial
stress.128 Their tissue-like mechanical properties and hydra-
ted nature further promote intimate contact with biological

Fig. 3 Material regimes governing conformal tissue�bioelectronics interfaces. (a) Elastic regime (G0 c G00): Materials deform reversibly with limited
energy dissipation, providing structural stability but generating higher interfacial stress when conforming to soft tissues. (b) Viscoelastic regime (G0E G00):
time-dependent stress relaxation enables gradual adaptation to tissue surface irregularities, reducing interfacial stress and improving conformal contact.
(c) Viscous regime (G00 c G0): flow-dominated deformation allows near stress-free conformity to complex geometries, but lacks structural stability for
long-term interfacing. (d) Representative material classes across these regimes, including elastomers, hydrogels, and paste-like or liquid materials,
illustrating how material selection governs the balance between mechanical stability and conformability at the tissue interface.
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surfaces. Moreover, hydrogels inherently support ionic conduc-
tivity due to their hydrated networks and can be further
engineered to achieve electronic conductivity by incorporating
conductive fillers or conductive polymers. 37,78,80,112 This
enables the formation of conductive and adhesive interfaces
for bioelectronic applications. In addition, the viscoelastic
response of hydrogels can be tuned through polymer composi-
tion, crosslinking density, and network architecture, enabling
control over relaxation timescales and interfacial mechanics.
These features make hydrogels particularly attractive for appli-
cations requiring long-term, stable conformal contact, such as
adhesive cardiac patch, bioresorbable adhesive and wearable
ultrasound interface. 37,43,78,112,113

Paste-like and liquid materials occupy the fluid end of the
interfacial material spectrum. Paste-like or gel-based materials,
such as ultrasound gels and conductive paste, possess weak
network structures that provide limited elastic resistance,
allowing them to spread and conform to complex tissue geo-
metries under applied pressure or shear, while retaining a
degree of shape stability in the absence of sustained external
forces.125…127Notably, such paste-like interfacial behavior is
not limited to gel-based materials. Eutectic gallium…indium
(EGaIn), although liquid at physiological temperatures, exhibits
partial shape retention ability owing to the oxide layer, which
imparts paste-like behavior and enables conformal bioelectro-
nic interfaces for electrophysiological signals recording. 123,124

Moreover, these characteristics make paste-like and liquid
materials particularly suitable for applications requiring rapid
conformal contact and transient interfacing, such as acoustic
coupling layers (e.g., ultrasound gels) for ultrasound-based
technologies and electrolyte gels for dry electrode configura-
tions in electrophysiological recording. 67,102

4. Fabrication strategies for
bioelectronics interfaces
Manufacturing routes for tissue…bioelectronics interfaces are
constrained by the limited thermal/chemical budget and
dimensional instability of soft materials, and by the need to
maintain reliable electrical function under wet and dynamic
conditions. Importantly, fabrication choices do not only deter-
mine feature resolution and yield; they also shape interfacial
mechanics (conformality and strain distribution), wet adhe-
sion/permeability, biofouling susceptibility, encapsulation
integrity, and long-term signal/actuation drift. Accordingly,
fabrication and integration should be treated as an extension
of interface design, as they directly determine conformality, wet
adhesion, encapsulation integrity, and long-term stability at the
tissue interface.129,130

4.1. A practical selection framework: from interface
requirements to manufacturing choices

Manufacturing routes can be selected along five practical axes:
(1) feature density and resolution (dense microelectrodes

versuslarge-area patterns);

(2) compatibility with soft and wet materials (elastomers,
hydrogels, bioactive layers);

(3) dimensionality and architecture (planar laminates versus
3D porosity/gradients);

(4) integration strategy (monolithic soft systems versus
hybrid assembly with rigid modules); and

(5) translation constraints (repeatability, quality control,
sterilization/storage, and scalable production).

Wearables often prioritize breathability and motion robust-
ness; implants prioritize micromotion mitigation, chronic drift
control, and encapsulation reliability; ingestible/intraluminal
devices are frequently dominated by sealing, exposure-window
design, and biofluid-fouling tolerance. A comparative matrix
(Table 1) summarizes major manufacturing families and their
tissue-integration trade-o�s.

4.2. Microfabrication methods

Microfabrication remains the primary route for high-resolution
patterning, dense interconnects, and controlled multilayer
stacks, especially for high-channel-count electrodes and miniatur-
ized sensing/stimulation inter faces. A key advantage for tissue
coupling is that microfabrication enables ultrathin laminates and
strain-engineered layouts (serpentine/mesh/island…bridge) that
reduce effective stiffness and stabilize coupling under deforma-
tion (Fig. 4). The main limitations are restricted compatibility with
solvent-sensitive or hydrated layers, limited 3D architecture free-
dom, and the dependence of long-term reliability on encapsula-
tion and connectivity.

4.2.1. Thin-film deposition and barrier construction. PVD-
based metals and dielectrics provide high electronic quality
and thickness control, but are susceptible to cracking/delami-
nation when residual stress and cyclic strain are not
managed.130…132Conformal dielectric/barrier layers (including
vapor-deposited polymer barriers) can improve wet stability
and insulation integrity on deformable substrates, but must
balance barrier performance with flexibility. 131,133

4.2.2. Light-enabled patterning and micromachining.
Photopatterning provides reproducible dense features, whereas
laser-based patterning enables maskless, rapid iteration and
can be e�ective for structuring soft substrates. 119,134,135For wet
or bioactive interfaces, practical process flows often separate
aggressive patterning steps from hydrated/bioactive layers,
shifting emphasis toward multilayer assembly and sealing
rather than single-step monolithic fabrication. 136,137

4.2.3. Soft lithography and micromolding. Mold-based
replication is particularly useful when microstructures must
be defined directly in elastomers/hydrogels or when microflui-
dics are required for biofluid handling. 138…143Compared with
planar lithography, these methods provide broader materials
compatibility but typically lower feature density and require
careful control of sealing and adhesion under wet cycling. 138,139

4.2.4. Extrusion-based printing (DIW) and screen printing.
DIW enables 3D structures and multi-material deposition
using shear-thinning inks, making it well suited for hydro-
gel/ion-conducting interfaces where 3D geometry and wet
compliance drive coupling. 144…146 Screen printing offers
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Table 1 Representative device fabrication and integration techniques for achieving conformal tissue�bioelectronic interfaces

Techniques
Representative
methods Best-fit applications Interface advantage Advantages Limitations

Planar thin-film
microfabrication

PVD/CVD (incl.
conformal polymer
barriers) +
photolithography

High-density electro-
des; miniaturized
sensors; precise
multilayers

Enables ultrathin
laminates + strain-
engineered layouts for
stable coupling

Highest resolution;
mature QC

Thermal/solvent
constraints; cracking/
delamination; encapsula-
tion dominates drift

Soft lithography/
micromolding

Mold casting; replica
molding; microfluidic
replication

Elastomer/hydrogel
microstructures;
biofluid handling

Direct patterning in
soft/wet-compatible
materials improves
coupling

Broad material
compatibility

Lower density; sealing/
adhesion critical under
wet cycling

Transfer printing/
indirect assembly

Pickup/placement
onto soft substrates;
float-type assembly

Hybrid high-
performance films on
compliant receivers

Combines electronic
quality with tissue-like
mechanics

High performance
+ compliance

Alignment/defects; yield
issues on hydrated
receivers

Laser
micromachining

Cutting/ablation/
engraving

Rapid geometry
optimization; large-
area structuring

Fast iteration for con-
tact/adhesion geometry

Maskless; rapid Thermal damage/debris;
reproducibility on soft/
wet layers

Inkjet/aerosol jet
printing

Digital deposition of
conductors/functional
inks

Wearables; flexible
electrodes; coatings on
non-planar surfaces;
textile patterning

Low-temp processing
compatible with
soft/porous substrates;
enables maskless
patterning

Scalable; maskless Ink rheology; clogging;
wet adhesion and
multilayer defects

DIW/extrusion
printing

Shear-thinning inks;
multi-material 3D
deposition

Hydrogel/ionotronic
interfaces; 3D porous
constructs; localized
textile coatings

3D compliance/poros-
ity improves coupling
and mass transport

Multi-material; 3D Resolution limits; curing
consistency; batch
reproducibility

Screen printing Stencil-based large-
area patterning

Low-cost large-area
wearables; robust tex-
tile electrodes/
interconnects

Tolerant to rough/por-
ous surfaces; robust
manufacturing for
epidermal interfaces

Very scalable Coarse features; limited
density; encapsulation
needed for wet stability

Photopolymerization
3D printing

DLP/SLA; 2PP
microstructuring

Complex 3D sca�olds;
microstructured com-
ponents; UV-curable
local encapsulation

Programmable
mechanics/geometry

Complex forms Residuals; resin sti�ness;
speed…volume tradeoff

In situ/in vivo
fabrication

Light-/ultrasound-
triggered; extrusion/
droplet in situ

Geometry-adaptive wet
adhesion; site-specific
constructs

Curing at site enhances
conformity and wet
adhesion

Minimizes
handling

In vivo QC; curing com-
pleteness; residuals; reg-
ulatory burden

Hybrid integration &
packaging

Layer stacking; adhe-
sive bonding;
connectorization

Multifunctional sys-
tems; closed-loop
platforms

Mechanical decoupling
+ robust barriers
reduce drift

Preserves chip
performance

Encapsulation/connector
failure; moisture ingress;
fatigue

Thermal drawing
(preform-to-fiber)

Preform desig-
n/assembly - thermal
consolidation - draw-
ing (tension/tempera-
ture control) - post-
draw opening/exposure
of channels/electrodes
- terminal con-
nectorization/strain
relief

Deep-tissue and intra-
luminal navigability;
distributed multi-
modal fibers (elec-
trical/optical/fluidic)

Deterministic cross-
sectional architecture +
low bending sti�ness
enable minimally inva-
sive access while
maintaining function
distribution along
length

Continuous long-
length manufac-
turing; embedded
multifunctionality;
repeatable internal
geometry

Material co-draw
constraints; post-draw
access/exposure steps;
terminal connectoriza-
tion and wet packaging
dominate chronic
reliability

Wet spinning & melt
spinning (extrusion-
based spinning)

Spinneret extrusion of
dope/melt - coagula-
tion (wet) or thermal
solidification (melt) -
mechanical drawing/
orientation - wash-
ing/annealing/cross-
linking - optional
coating/metallization +
localized
encapsulation

Soft conductive/ionic
fibers; biodegradable/
suturable leads; wear-
able yarn electrodes;
compliant routing
where permeability/
compliance matters

High materials free-
dom enables tissue-
mimetic mechanics
and permeability; scal-
able fiber lengths for
conformal coupling
and routing

Scalable and low-
cost; broad mate-
rial compatibility;
tunable mechanics
(draw ratio/
orientation)

Wet-state electrical stabi-
lity and drift sensitive to
processing; batch varia-
bility; localized electrode
definition and terminal
encapsulation often
required
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low-cost large-area manufacturing but coarser resolution.147,148

Both require careful management of curing/drying, layer
adhesion, and encapsulation to avoid drift under wet use.
In textile manufacturing, screen printing is particularly

compatible due to tolerance to rough/porous substrates and
high throughput, whereas DIW can deposit viscoelastic inks or
hydrogel-like layers onto textile regions for localized soft con-
tact and bioactive interfaces; long-term performance is often

Table 1 (continued )

Techniques
Representative
methods Best-fit applications Interface advantage Advantages Limitations

Electrospinning Polymer/biocomposite
solution prep - high-
field jetting -
controlled collection
(alignment/thickness)
- solvent removal/
drying - crosslinking/
stabilization - elec-
trode lamination/
embedding + selective
encapsulation

Breathable epidermal
interfaces; wound
dressings; porous scaf-
folds for tissue-contact
layers where mass
transport is critical

Nanofibrous porosity
and high surface area
improve breathability,
wet adhesion, and
compliant inter-
penetration with soft
tissue

Highly breathable;
tunable porosity/
thickness; strong
mass-transport
advantages

Mechanical fragility;
durability under wet
cycling/abrasion; integra-
tion of electrodes/inter-
connects and selective
protection becomes the
main bottleneck

Fig. 4 Microfabrication routes positioned by precision and biointerface adaptability. Representative microfabrication strategies for biointerfaces are
organized in a qualitative design space defined by patterning precision/integration density and biointerface adaptability. High-precision planar
approaches, including film deposition, photolithography and laser patterning, are positioned toward the fine-feature, high-density end, whereas transfer
printing, micromolding and soft lithography occupy an intermediate regime that couples microstructural definition with improved compatibility for soft
and non-planar substrates. Thermal drawing, wet spinning and electrospinning are grouped as fibrous/porous interface-forming routes with greater
adaptability to compliant, curved and hydrated tissues, while micromachining is shown separately as a subtractive route. Representative biointerface
outcomes enabled by these method families, including dense electrode arrays, conformal replicated interfaces and fibrous/porous breathable interfaces,
are highlighted.
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governed by adhesion and wash/sweat durability rather than
nominal print resolution.

4.2.5. Photopolymerization-based 3D printing. Photopoly-
merization-based 3D printing provides a versatile route to
fabricate three-dimensional microarchitectures with high geo-
metric fidelity, making it attractive for bioelectronic interfaces
that require precise structural definition and microscale custo-
mization. Stereolithography (SLA) builds 3D objects by sequen-
tially curing patterned resin layers, typically through laser
scanning along a programmed path, and can produce struc-
tures with fine features and smooth surface finishes 149 (Fig. 5).
A related strategy forms 3D architectures through repeated 2D
photopatterning of thin precursor layers. To improve speed and
design flexibility, digital micromirror devices (DMDs) can
generate programmable ••virtual masks,•• avoiding the need
for physical mask fabrication. 150,151

These methods, however, often require chemical develop-
ment to remove uncured regions, which can become challen-
ging for nanocomposites or solvent-sensitive formulations.
Advanced variants such as digital light processing (DLP) and
continuous liquid interface production (CLIP) further expand
throughput and processing flexibility. 152…155Yet, a central lim-
itation for tissue-interfacing applications is that many photo-
curable resins remain mechanically rigid compared with the
soft and compliant materials generally preferred at biological
interfaces. Thus, integrating elastomers, hydrogels, or shape-
memory polymers into these platforms, while preserving struc-
tural integrity and long-term stability, remains a key challenge
for their broader use in bioelectronic systems. 156,157

Two-photon polymerization (2PP) extends photopolymeriza-
tion into the regime of highly l ocalized, three-dimensional
micro/nanofabrication and is increasingly used for miniaturized

Fig. 5 Printing routes positioned by tissue adaptability and multifunctional integration. Representative printing-based fabrication strategies for
biointerfaces are organized in a qualitative design space defined by surface/in vivo adaptability and soft-material/3D multifunctional integration. Screen,
inkjet and aerosol jet printing are positioned as planar and scalable routes for large-area soft patterning, whereas stereolithography, two-photon
polymerization and direct ink writing are placed in the regime of structured three-dimensional fabrication with enhanced architectural and material
versatility. In vivo light printing and in vivo sound printing are located toward the high-adaptability end to reflect their ability to form or cure constructs
directly on or within living tissues. Representative outcomes, including large-area soft patterning, 3D multimaterial interfaces and in situ tissue-integrated
constructs, are indicated to link the fabrication routes to biointerface function. This schematic provides a conceptual framework for comparing printing
strategies in biointerface design.
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medical structures. In 2PP, near-simultaneous absorption of two
photons within a tightly confined focal volume initiates photo-
chemistry only at the focal point 158,159(Fig. 5). With femtosecond-
pulsed lasers, this approach enables true 3D structuring with
feature sizes down to the nanoscale,159 o�ering particular value
where interface topology, microscale guidance, or device minia-
turization are critical. A broad range of photo-responsive materials
can be processed by 2PP, including acrylate-based polymers,
organically modified ceramics, zirconia sol…gel systems, and
titanium-containing hybrid materials. However, the trade-off
among resolution, build volume, and printing speed still con-
strains throughput, and continued advances in optical design,
materials chemistry, and process control will be needed to
translate these capabilities more broadly into bioelectronic
applications.

DLP/SLA can produce complex architectures and mechani-
cally programmed constructs, while two-2PP o�ers nanoscale
feature control for microstructured components. For tissue
interfaces, resin sti�ness, residual species, and wet-state stabi-
lity can constrain direct coupling, motivating post-processing,
composite formulations, or hybrid assembly approaches.
Photocurable coatings and UV-curable encapsulants are also
frequently used as textile-compatible finishing layers for localized
protection of interconnects and nodes without fully blocking
airflow.

Planar printing methods are generally better suited for
scalable soft patterning over large areas, whereas DIW, SLA/DLP,
and 2PP become more advantageous when three-dimensional
structuring, local multifunctionality, or microscale topology are
required. In vivo/in situ printing extends this progression further
by directly addressing irregular, dynamic, and site-specific tissue
environments, where fabrication and implantation must be
integrated into a single workflow.

4.3. In vivo/in situ printing

With the development of 3D printing technologies, in vivo
bioprinting„also termed in situ, intraoperative, or living bio-
printing„has emerged as an approach in which bioinks are
deposited directly onto tissues under clinically relevant condi-
tions, enabling immediate interaction with living systems. 160

A key distinction from conventional workflows is that printing
and implantation are e�ectively integrated into a single step
with minimal invasiveness. This integration allows real-time
adaptation to local surface morphology and defect geometry, so
that printed constructs can closely conform to complex tissues.
Moreover, in situ crosslinking can enhance adhesion to sur-
rounding tissue and reduce contamination or mechanical
damage associated with sca�old handling, transplantation, or
suturing. 160…162

As in vivo printing forms 3D constructs directly inside the
body, it imposes stricter requirements on bioinks than ex vivo
printing. Ideal bioinks should support rapid in vivo gelation
under physiological conditions, match the mechanical compli-
ance of native tissue, provide biocompatibility with controlled
biodegradation, maintain strong wet-tissue adhesion, and
enable one-step curing without disruptive post-processing.163

4.3.1. Light-triggered in vivo printing. Light-based in vivo
printing typically involves delivering a liquid bioink precursor
to a defect site, followed by spatially controlled illumination to
induce localized gelation or polymerization. A central require-
ment is su�cient tissue penetration of the excitation light,
which limits the utility of ultraviolet activation in many
settings.149,164 Accordingly, considerable e�ort has focused
on near-infrared (NIR)-responsive systems with improved soft-
tissue penetration (Fig. 5).

For example, nanoparticle-assisted initiation has been used
to enable GelMA gelation under DMD-projected patterns,
producing subcutaneously printed hydrogels with high cell
viability and favorable tissue integration. 165 Alternatively,
two-photon excitation of coumarin derivatives has enabled
high-resolution in vivo printing without conventional photo-
initiators. 166 In these systems, multiphoton microscopy can
simultaneously image and guide laser scanning, creating a
closed-loop process with micrometer-scale precision. Such
minimally invasive light-based printing has been demonstrated
in mouse skin, muscle, and brain, although penetration depth
and printable volume remain key limitations.

4.3.2. Ultrasound-triggered in vivo printing. Ultrasound
o�ers a complementary trigger for in vivo printing owing to
its deep tissue penetration and compatibility with real-time
imaging. High-frequency (42 MHz) acoustic waves can propa-
gate through heterogeneous tissues, and focused ultrasound
can localize energy deposition at depths approaching tens
of centimetres. These properties have motivated emerging
approaches that use ultrasound as a trigger for in vivo 3D
printing (Fig. 5).

For example, an ••acoustic ink••„a mixture of polymers,
particles, and chemical initiators„was designed to absorb
acoustic energy, rapidly form a gel to suppress flow, and
simultaneously enable a thermally triggered acrylate polymeriza-
tion reaction, thereby achieving localized material formation. 167

Building on this direction, an ultrasound-enabled 3D printing
approach capable of creating complex structures beneath
centimeter-thick tissue in vivo was developed. This strategy could
be integrated with conventional ultrasound imaging to customize
implant geometries based on real-time needs. Importantly, acous-
tic inks can be engineered with additional functions relevant to
bioelectronics, such as electrical conductivity, local drug delivery,
and wet adhesion. Incorporating conductive nanoparticles
enables the printing of soft sensors and biopotential electrodes
that can record electrical activity from living tissues, supporting
proof-of-concept monitoring of physiological signals such as ECG
and EMG.67

4.3.3. Extrusion-based and droplet-based in vivo printing.
In addition to light- and ultrasound-triggered strategies,
extrusion-based and droplet-based approaches have been explored
for in situ printing, particularly on external or surface-accessible
tissues. In extrusion bioprinting, bioinks rapidly respond to a
prescribed stimulus applied at the nozzle ( e.g., pressure-driven
extrusion), forming a continuous, smooth filament that is well
suited for macroscale deposition and can support its own
weight.168 Photo-crosslinkable gelatin methacryloyl (GelMA) is
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a representative extrusion-printable ink, and extrusion-based
in situ printing has been widely studied for applications such as
skin wound closure and superficial tissue repair, where rapid
coverage and sca�old formation are priorities. By contrast,
droplet-based in situ bioprinting deposits bioinks as discrete
droplets at predefined locations, enabling precise, non-contact
placement.169 Droplets are commonly generated at picoliter
scales using thermal, piezoelectric, or laser-assisted actuation,
which helps preserve cell viability while o�ering fast printing,
relatively high spatial resolution, and flexible patterning. 170

In situ fabrication merges manufacturing and implantation,
enabling constructs that conform to site-specific geometries
while avoiding handling damage of fragile soft sca�olds. The
key advantages include geometry-adaptive conformity, enhanced
wet adhesion via in situ curing, and reduced invasiveness. The
primary challenges are triggering safety and penetration depth,
reproducibility/quality control in vivo, and control of residual/
reactive species and degradation behavior. Light-triggered
approaches o�er high spatial control but are constrained by
penetration depth and printable volume. Ultrasound-triggered
strategies provide deeper penetration and image-guided place-
ment, enabling volumetric formation at depth; however, they
impose stricter requirements on curing consistency, structural
fidelity, and quality control. Extrusion- and droplet-based
approaches are e�ective for surface-accessible tissues but
require careful management of wet adhesion, curing kinetics,
and defect-free deposition under physiological motion. 160…162

4.4. Combination strategies

Soft bioelectronic systems are rarely built as single-function
devices; instead, they typically comprise multiple functional
modules assembled into an united platform. To realize closed-
loop operation that couples diagnosis with therapy, a single
system often needs to incorporate sensors, control system, Data
analysis and storage, power supply, and stimulation units.
A fundamental challenge is that these modules frequently rely
on distinct material sets and fabrication requirements, making
it highly nontrivial to manufacture every component directly on
one fully stretchable substrate without sacrificing performance.
To address this gap, hybrid (mixed-mode) manufacturing
has become an important route for electronics that must con-
form to complex biological surfaces. From a tissue-integration
perspective, the core concept is mechanical decoupling:
strain-isolating interconnects and compliant interface layers
preserve stable contact while protecting rigid modules from
deformation-induced failure.

In hybrid integration, rigid, high-performance electronic
elements are combined with soft or flexible substrates,
enabling a practical balance between long-term wearability/
implantability and high-fidelity signal integrity. By decoupling
mechanical compliance from electronic functionality, hybrid
integration can preserve high-performance electronic function
while reducing interfacial strain and improving mechanical
compliance, thereby enhancing user comfort and long-term
stability„representing a key enabling concept for advanced
bioelectronic interfaces.

At the manufacturing level, comb ining micro/nanofabrication
with multiple 3D-printing approaches and tissue-engineering
techniques enables the construction of 3D electronic architectures
directly on or within biological tissues, with robust functionality
and stable performance. Beyond process-level integration, system-
level assembly is equally critical: multilayer stacking to form
vertically integrated architectures,171…174adhesive-based bonding
of discrete components,171,175,176and mechanical interlocking or
co-assembly between different substrates129 can all support effi-
cient integration of multifunctio nal biointerfaces within a single
platform.

Equally critical are packaging and encapsulation, which
often dominate long-term drift and failure via moisture/ion
ingress, insulation degradation, and adhesion loss under wet
cycling. For wearables, permeability and sweat management are
critical to prevent secretion accumulation and skin irritation,
motivating architectures that maintain breathability while pro-
tecting interconnects. For implants, barrier performance and
adhesion stability under wet cycling dominate long-term relia-
bility, increasing the importance of encapsulation chemistry,
multilayer design, connector robustness, and system-level qual-
ity control. For textile-form systems in particular, long-term
reliability is frequently limited by textile-to-module intercon-
nects and selective encapsulation strategies that protect routing
under sweat and laundering while preserving breathability and
compliant skin contact.

Taken together, these comparisons indicate that fabrication
methods for bioelectronic interfaces should be selected accord-
ing to the dominant tissue-integration requirement rather than
according to resolution or process familiarity alone. Dense
planar microfabrication is preferable for highly integrated
electrode systems; replication and soft printing strategies are
more e�ective for conformal and breathable interfaces; fiber-
and porous-forming routes are advantageous when compli-
ance, permeability, and low bending sti�ness are prioritized;
and in situ printing is uniquely suited to anatomically irregular
or dynamically evolving tissue environments. Hybrid integra-
tion is therefore increasingly necessary to combine these
strengths within clinically relevant multifunctional systems.

5. Applications in sensing and
modulation
Bioelectronic devices interfacing with biological tissues have
rapidly expanded into wearable, implantable, and ingestible/
intraluminal formats for monitoring physiological signals and
enabling therapeutic modulation. 177 Across these platforms,
practical performance is shaped by a common set of considera-
tions: mechanical conformity and strain accommodation at the
interface, time-dependent behavior of soft contact materials,
surface and bioactive strategies that regulate biofouling and
host response, and manufacturable routes for device fabrica-
tion, packaging, and integration. In the following, representa-
tive systems are discussed under physiological monitoring,
multimodal disease management, and closed-loop operation,
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while distinguishing wearable, implantable, and ingestible
implementations where their interfacial environments impose
di�erent design constraints. The representative cases are expli-
citly mapped to interface archetypes, soft material states, and
fabrication routes, as summarized in Tables 2…4.

5.1. Physiological signal monitoring

Tissue-interfaced sensing enables continuous acquisition
of physiological signals directly from the body, supporting
real-time health monitoring and disease management. Multiple
sensing modalities, including electrophysiological (Fig. 6a…c),178

biochemical (Fig. 6d…f)179…181 and biophysical (Fig. 6g…i)
approaches,19,182,183 can be implemented through appropriately
engineered tissue…device interfaces. In practice, performance is
frequently limited by interface coupling stability, biofluid hand-
ling and fouling, and biological remodeling over time.

5.1.1. Wearable monitoring (epidermal interfaces)
5.1.1.1. Electrophysiological signals. Electrophysiological

sensors capture bioelectric potential variations from electrically
active organs and tissues, most commonly the brain, heart, and
skeletal muscle, yielding signals such as EEG, ECG, EMG,
and EOG. In practice, these measurements typically require
intimate electrode tissue contact to maximize coupling e�ciency
and sensitivity. Because the electrode tissue interface impedance
directly shapes signal quality (noise floor, bandwidth, and motion

artifacts), engineering a high-quality, conformal biointerface is
often as important as the front-end electronics.

A representative example is an ultrathin, breathable elastic
conductor built on a thin elastomeric substrate with a micro-
cracked metal film, achieving a total thickness on the order of
B1.3 mm. Its low bending sti�ness enables nearly seamless
lamination, supporting stable ECG acquisition and detection
of subtle mechanical signatures such as pulse-wave-related
signals178 (Fig. 6a). This performance arises from the combi-
nation of an ultralow bending-sti�ness architecture and a
stretch-tolerant microcracked conductor on an elastomeric
substrate, together with scalable thin-film patterning and
robust lamination/encapsulation that preserve sub-micron flex-
ibility during handling and wear.

At the non-invasive end of the spectrum, a wrist-worn
surface-EMG neuromotor interface demonstrates that robust
motor-intent decoding can be achieved with wearable electro-
physiology, balancing performance with usability for human…
computer interaction. In such systems, practical stability is
often achieved through strain-isolating layouts that decouple
rigid electronics from compliant contact regions, supported by
soft band mechanics and reliable packaging/assembly; the
resulting robustness and user-friendliness come with trade-
offs in ultrathin lamination and a higher dependence on
placement and contact pressure.

Table 2 Representative health monitoring bioelectronic systems

Name
Device
format Interfacial strategy Material Fabrication techniques Interface implication

Practical constraint/
coupling condition

1.3-mm
elastic
conductor265

Wearable /
skin contact

Ultrathin +
microstructure
(microcracked Au
on ultrathin
elastomer)

Rubber
(PDMS)

Au thin-film deposition on
ultrathin PDMS (supported
carrier) - controlled
microcrack formation -
lamination/encapsulation

Ultralow bending
sti�ness + strain-tolerant
microcracks stabilize
electrode…skin coupling
under motion.

Crack morphology and
ultrathin handling/
edge encapsulation
largely determine
durability during wear.

NeuroGrid266 Implantable
(cortical
surface)

Ultrathin +
microstructure
(high-density
conformal mECoG
array)

Rubber-like
thin solid
(ultrathin
polymer
stack)a

Photolithography-defined
electrodes/interconnects on
ultrathin polymer film -
encapsulation with open-
ings - connectorization

Conformal cortical
contact reduces
micromotion-driven
impedance changes
while enabling high-
channel mapping.

Wet insulation
integrity, biofouling,
and lead-out connector
strain relief govern
chronic stability.

PillTrek
capsule267

Ingestible
(GI)

Microstructure
(multisensor array
+ controlled
exposure windows
+ sealed
architecture)

Rubber +
other (PDMS
+ rigid
capsule)

Precision capsule assembly/
sealing + patterned sensor
module (laser/printing) +
exposure-window definition

Performance is dictated
by sealing and exposure
control under transient
mucosal apposition and
GI fluids.

Mucus/peristalsis-
induced variability
and fouling at exposed
sites drive drift and
calibration burden.

Fiber…chip
hybrid 195

Implantable/
intraluminal

Microstructure
(+ mesh locally)
(multifunctional
fiber architecture)

Rubber +
other (soft
cladding +
structural
polymer;
hybrid a)

Thermal drawing of multi-
material fiber - post-
processing exposure sites-
module integration + end
packaging

Fiber geometry enables
deep/tortuous access
with distributed
interfacing and low
e�ective sti�ness.

Terminal connectoriza-
tion, moisture barriers,
and fatigue at fiber…
module transitions
dominate reliability.

Knitted
washable
sensor
array198

Wearable Mesh + micro-
structure (textile
network + sensing
nodes; selective
protection)

Rubber-like
solid (textile
network)a

Knitting/weaving functional
yarn network - node inte-
gration - localized encap-
sulation/routing protection

Breathable large-area
contact shifts coupling
to garment-scale
mechanics and
distributed sensing.

Motion/contact-
pressure variability and
wash/sweat durability
depend on routing and
selective encapsulation.

a Note: ••rubber-like thin solid•• denotes compliant polymer films; ••hybrid•• denotes mixed rigid…soft stacks with localized soft contact layers.
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A complementary, clinically oriented example is the class of
skin-interfaced, wireless physiological monitoring systems
deployed in neonatal and pediatric intensive-care settings.184

In this regime, translational constraints„such as gentle skin
coupling, reliable wireless operation, and long-duration stabi-
lity under clinical handling„become as important as peak
signal quality, and robust packaging and compatibility with
clinical workflows strongly shape practical adoption.

5.1.1.2. Biochemical biomarkers.Biochemical markers, such
as pH, glucose, lactate, electrolytes, and hormones, provide
critical information on physiological homeostasis and disease
states. These targets can be sampled from multiple biofluids
(blood, sweat, interstitial fluid, saliva, and gastrointestinal
fluids), but continuous operation, sensing reliability, long-
term stability, and user comfort remain persistent constraints
for many biochemical biointerfaces.

A skin-interfaced wearable aptamer platform based on a
target-triggered strand-displacement mechanism provides a
concrete pathway toward non-invasive hormone tracking (e.g.,
estradiol) through in situ sweat analysis, supported by on-body

microfluidics for time-resolved sampling 180 (Fig. 6d). Here,
controllable sampling and transport at the skin…biofluid inter-
face, together with antifouling surface chemistry that preserves
sensor responsiveness in complex sweat matrices, are as impor-
tant as the recognition element itself; manufacturable integra-
tion typically relies on patterned electrodes combined with
microfluidic structuring and dependable multilayer sealing to
limit leakage, evaporation, and drift.

In parallel, interstitial-fluid microneedle arrays provide an
alternative route that reduces sampling variability relative to
sweat while remaining minimally invasive. Tehrani et al.
reported a fully integrated wearable microneedle array enabling
wireless, continuous real-time sensing of metabolite pairs in
human volunteers during daily activities. 185 Such systems high-
light a complementary design space in which analytical robust-
ness depends on stable dermal coupling, biofouling control at
sensing interfaces, and system-level calibration and quality
control for long-duration operation.

5.1.1.3. Biophysical signals.Bioelectronic interfaces increas-
ingly target biophysical readouts, including mechanical forces,

Table 3 Representative therapeutic bioelectronic systems

Name
Device
format Interfacial strategy Material Fabrication techniques Interface implication

Practical constraint/
coupling condition

Wireless closed-
loop smart
bandage206

Wearable
therapy

Mesh + island…bridge
(+ microstructure)
(strain-tolerant
stretchable electro-
nics + patterned
sensing/actuation;
wet-interface design)

Hydrogel
+ rubber
(hybrid)

Stretchable micro-
fabrication/transfer of
serpentine circuits -
multilayer sealing -
hydrogel electrode/inter-
face integration + wire-
less packaging

Conformal wet
adhesion and strain-
tolerant routing enable
stable sensing…
actuation coupling in
exudate-rich wound
environments.

Biofouling/sealing
integrity and long-
term hydro-
gel/adhesive stability
largely determine drift
and reliability during
repeated use.

Electronic dura
mater268

Implantable
(spinal/brain
surface)

Ultrathin + micro-
structure (+ mesh)
(conformal silicone
implant with stretch-
able interconnects +
microfluidics)

Rubber
(silicone)

Soft-lithography micro-
fluidic layers + thin-film
patterned stretchable
interconnects/electrodes
- multilayer bonding
- connect

Dura-matched com-
pliance and integrated
delivery/stimulation
channels reduce micro-
motion injury while
enabling multimodal
neuromodulation.

Multi-material inte-
gration and terminal
connect/packaging
govern chronic wet
stability and func-
tional longevity.

Gastric-retentive
robotic capsule269

Ingestible
therapy

Microstructure
(retention +
controlled release
actuation modules)

Other +
(liquid
payload)
(rigid
capsule +
liquid
reservoir)

Precision capsule
assembly integrating
retention/actuation
modules - sealed
reservoir/exposure
control - telemetry/
power integration

Retention and actuation
modules define expo-
sure control and enable
responsive dosing
without a permanent
implant footprint.

Safety of long
residence, power/tele-
metry robustness, and
retention control
dominate practical
deployment and
regulation.

Bioabsorbable
mechanoelectrical
stimulation
suture270

Implantable
(suture-like)

Microstructure
(procedure-
compatible thread
interface; selective
exposure at wound
line)

Rubber-
like solid
+ paste
(hybrid)

Coaxial fiber assembly/
layering - define
exposed stimulation
region - lifetime-tuned
biodegradable encapsu-
lation/packaging

Thread-like geometry
enables therapy to be
delivered at the wound
line with minimal
added bulk and
workflow compatibility.

Output depends on
local strain/motion
and on predictable
wet degradation;
terminal exposure/
encapsulation must
remain stable.

Body-coupled
stimulation
socks271

Wearable
therapy

Mesh (garment-scale
conductive routing +
distributed
electrodes)

Rubber-
like solid
(textile
network)

Textile integration of
conductive routing/
electrodes - localized
reinforcement/encapsu-
lation of traces - mod-
ule connection

Garment-scale routing
distributes stimulation
over large areas while
preserving comfort and
breathability.

Contact pressure
variability and wash/
sweat durability (rout-
ing + connectors +
selective protection)
largely determine
reproducibility.
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temperature, and optical or acoustic signatures. Strain and
pressure sensors quantify tissue deformation and force trans-
mission, respectively. A conformal piezoelectric actuator…
sensor network built from ultrathin inorganic piezoelectric
elements (e.g., PZT nanoribbons) enables rapid, quantitative
assessment of near-surface tissue viscoelasticity with intimate
contact to soft, textured biological surfaces95 (Fig. 6g). The
quantitative mapping capability in this case is governed by
efficient strain transfer enabled by an ultrathin, compliant
network architecture and soft encapsulation/adhesion,
together with fabrication routes that preserve alignment,
encapsulation integrity, and repeatable contact on textured
skin.

Finally, bioacoustic/mechano-acoustic sensing has become
increasingly attractive for non-invasive monitoring of deep or
otherwise hard-to-access physiology. Many routine biological
activities (e.g., valve motion, gastrointestinal peristalsis, vocal
fold vibration) generate mechanical waves with rich spectral
content; soft, skin-compatible acoustic sensors can capture
these signatures for continuous health monitoring and
human…machine interfacing,186…188practical performance is
governed by interfacial coupling stability, biofluid interac-
tions, material time-depende nt behavior, and fabrication/
packaging constraints.

Across wearable systems, interface stability under motion,
sweat-induced biofluid interactions, and packaging durability
consistently limit long-term signal reliability.

5.1.2. Implantable monitoring (surface and deep-tissue
interfaces). Implantable interfaces must maintain stable cou-
pling in wet, mechanically dynamic tissue while operating
under biofouling and foreign-body response. Long-term drift
is often driven by micromotion-induced tissue injury, progres-
sive encapsulation, and degradation of insulation or adhesion,
motivating co-design of compliant mechanics, surface regula-
tion, and robust packaging.

For neural recordings, an ultra-compliant and scalable cortical
interface (NeuroGrid) illustrate s how organic, highly conformal
arrays can follow the brain•s curved topology and deliver stable,
high-SNR field-potential recordings in clinical contexts such as
epilepsy monitoring 189 (Fig. 6b). In this setting, topology-matched
compliance reduces micromotion and stabilizes impedance, while
long-term performance is frequently shaped by surface-mediated
biofouling and tissue responses; accordingly, microfabrication-
based electrode patterning and polymer encapsulation must be
coupled with packaging/connectorization strategies that preserve
flexibility and insulation reliability during chronic use.

Beyond planar cortical arrays, deep-tissue monitoring is also
beginning to adopt fiber-like implant architectures to expand

Table 4 Representative closed-loop bioelectronic systems

Name
Device
format Interfacial strategy Material

Fabrication
techniques Interface implication

Practical constraint/cou-
pling condition

Soft neuro-
morphic
e-skin272

Wearable
closed-loop

Ultrathin/mesh
(system-level) (dis-
tributed sensors +
local neuromorphic
conditioning;
compliant coupling)

Rubber
(hybrid)
(soft
elastomeric
electronics)

Soft electronics
integration
(distributed
sensors +
compliant inter-
connects +
encapsulation)

Compliant epidermal
coupling with local
signal conditioning
enables low-voltage,
on-body feedback
operation.

Sweat/motion-driven cou-
pling variability and drift
set the stability of state
estimation and control
outputs.

Chronic
adaptive
DBS209

Implantable
closed-loop

Microstructure
(biomarker sensing +
stimulation gating;
clinically tuned
control policy)

Other
(hermetic
implant)

Medical-grade lead
+ hermetic implant
manufacturing
with validated
packaging/
connectors

Biomarker-informed
gating links chronic
sensing to stimulation
dosing for adaptive
neuromodulation in
patients.

Long-term biomarker sta-
bility, sensing drift, and
calibration/latency con-
straints govern sustained
closed-loop benefit.

Gastric-
retentive
robotic
capsule269

Ingestible
closed-loop

Microstructure
(retention + sensor/
trigger + actuator for
responsive delivery)

Other +
liquid
payload

Precision capsule
assembly + sealing
(retention/actua-
tion module inte-
gration + reservoir
packaging)

Retention plus respon-
sive actuation enables
closed-loop intervention
in the GI tract without
permanent
implantation.

Safety of long residence,
retention control, and
power/telemetry robust-
ness dominate practical
deployment and
regulation.

Bidirectional
fiber
platform 195

Implantable/
intraluminal

Microstructure
(+ mesh locally)
(distributed sensing/
stimulation nodes
compatible with
feedback control)

Rubber +
other
(hybrid)

Thermal drawing of
multifunctional
fiber + module
integration + end
packaging/
connectorization

Distributed fiber nodes
support bidirectional
interfacing suitable for
feedback control in deep
tissue and tortuous
anatomy.

End-connectorization,
wet insulation at exposed
sites, and fatigue at fiber…
module transitions limit
long-term closed-loop
stability.

Embroidered
liquid-metal
e-textiles273

Wearable
closed-loop
enabler

Mesh (garment-
integrated power/
comm backbone for
distributed loops)

Liquid
(Galinstan)
+ rubber-
like solid
(textile)

Liquid-metal fiber
fabrication (infu-
sion) + digital
embroidery + selec-
tive encapsulation/
routing

Garment-scale power/
communication
backbones enable
distributed sensing/
actuation loops without
rigid wiring.

Encapsulation must
balance washability and
breathability; stitched
interconnect fatigue and
EMI sensitivity a�ect
robustness.
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spatial coverage while limiting invasiveness. In this context,
fiber-form interfaces o�er a complementary route to distribu-
ted access, organ-specific adaptability, and reduced mechanical
footprint, although their broader interfacial advantages and
representative implementations are discussed in more detail in
Section 5.1.4.

For higher-molecular-weight targets, microneedle-based
interstitial fluid platforms combined with regenerable (••active-
reset••) protein sensors have demonstrated real-time tracking
of protein biomarkers in vivo, representing an important step
for translating biochemical sensing beyond small molecules 179

(Fig. 6f). This approach leverages microstructured access to inter-
stitial fluid with minimal invasiveness, but sustained accuracy
depends on limiting fouling and enabling sensor regeneration;
practical translation is therefor e tightly coupled to microneedle
manufacturing yield, tip robustness, integration of microfluidic/
electrode components, and reproducible insertion performance.

For deep-tissue monitoring, an injectable, bioresorbable
metastructured hydrogel (••metagel••) ultrasonic sensor demon-
strates wireless multiparameter readout (including intracranial
pressure, temperature, pH, and flow-related signals) by trans-
lating volumetric responses into ultrasound-detectable spectral

Fig. 6 Representative tissue-interfaced bioelectronic platforms for physiological monitoring. Blue, green, and orange markers denote wearable,
implantable, and ingestible platforms, respectively; dual markers indicate systems that span more than one form factor. (a�c) Electrophysiological
monitoring. (a) Ultrathin soft sensor platform for epidermal and implantable ECG monitoring, figure was reproduced with permission from ref. 178,
Copyright 2022 Springer Nature. (b) Highly compliant cortical interface (NeuroGrid) for stable LFP recording, figure was reproduced with permission from
ref. 189, Copyright 2015 Springer Nature. (c) Machine-knitted, washable sensor-array textile for epidermal pulse monitoring, figure was reproduced with
permission from ref. 198, Copyright 2015 American Association for the Advancement of Science. (d�f) Biochemical sensing. (d) Skin-interfaced wearable
aptamer sensor for hormone monitoring in sweat, figure was reproduced with permission from ref. 180, Copyright 2024 Springer Nature. (e) Ingestible
smart capsule for longitudinal gastrointestinal biochemical profiling, figure was reproduced with permission from ref. 181, Copyright 2025 Springer
Nature. (f) Microneedle/interstitial-fluid platform with regenerable protein sensors for continuous inflammation monitoring, figure was reproduced with
permission from ref. 179, Copyright 2024 American Association for the Advancement of Science. (g�i) Biophysical sensing. (g) Conformal piezoelectric
actuator-sensor array for near-surface tissue viscoelasticity measurement, figure was reproduced with permission from ref. 95, Copyright 2015 Springer
Nature. (h) Injectable bioresorbable ultrasonic sensor for deep-tissue multiparameter monitoring, figure was reproduced with permission from ref. 182,
Copyright 2024 Springer Nature. (i) Implantable thermal sensor system for organ-level inflammatory assessment. LFP, local field potential; ECG,
electrocardiogram, figure was reproduced with permission from ref. 19, Copyright 2023 American Association for the Advancement of Science.
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many implant-grade metals and silicon„have been widely
adopted in neural electrodes over past decades, in part because
they generally exhibit relatively low baseline toxicity in vivo.
By contrast, newly developed polymeric systems (especially
those that rely on reactive chemistries, initiators, plasticizers,
or incomplete curing) can face additional scrutiny regarding
material-intrinsic toxicity and the risk of residual monomers or
other leachable species. Accordingly, before any implantable
interface is advanced to in vivo testing, a comprehensive
cytotoxicity and extractables/leachables assessment should be
performed to minimize risks associated with material composi-
tion and potential unreacted or degradative byproducts 232,233

(Fig. 9c).
In addition to material selection, surface chemical modifi-

cation of polymer coatings on the device o�ers an e�ective
route to mitigate FBR.234 The central idea is to tune the
interfacial chemistry such that immune-related signaling cas-
cades are weakened„often by suppressing the earliest events
that initiate downstream inflammation and fibrotic remodel-
ing. Because protein adsorption and subsequent cell adhesion
are common initiating steps for chronic immune activation,
forming a stable, dense, and strongly hydrated antifouling layer
at the interface can function as an anti-adhesion barrier. 235

Such a hydration-rich layer reduces nonspecific adsorption of
proteins, thereby lowering the likelihood of surface ••condition-
ing•• cellular contamination, and the subsequent amplification
of immune cell recruitment and proliferation around the
implant. 236

For bioelectronic interfaces, an additional constraint is that
surface treatments should preserve electrical and ionic cou-
pling between the device and tissue. Therefore, a primary
design requirement is to minimize any adverse impact on
signal transmission, for which ultrathin antifouling coatings
are particularly advantageous. Common antifouling chemis-
tries include poly(ethylene glycol) (PEG) and, more recently,
zwitterionic polymer coatings, 236,237both which leverage strong
surface hydration to resist protein attachment and can reduce
collagen deposition and biofouling for extended periods after
implantation. For example, zwitterionic coatings on implanted
glucose sensors maintained a low-fouling surface without
dense collagenous encapsulation for at least three months,
illustrating the potential of charge-balanced, superhydrophilic
interfaces to sustain low-fouling conditions in vivo.238

6.3. Bioactive modification

For certain applications„particularly neural interfaces„bio-
active coatings can actively promote long-term compatibility
by encouraging neurite ingrowth and supporting neuronal
survival near the implant. 81…83 Incorporating extracellular-
matrix (ECM) components, adhesion ligands, or growth-
factor-related cues can modulate the local biological response,
while cell-recognition elements (for example, selective antibo-
dies) can enable preferential interactions with specific cell
types. These strategies expand the functional scope of bioelec-
tronic interfaces beyond passive toward more biologically inte-
grated, potentially disease-modulating interventions (Fig. 9c).

ECM-derived bioactive coatings have been used to reduce
glial scarring without compromising electrode operation. For
instance, laminin coated microelectrode arrays (MEAs) exhib-
ited a pronounced reduction in glial scar formation in a rat
model over a one-month implantation period. 239 Similarly,
astrocyte-derived ECM coatings of Si MEAs attenuated gliosis
relative to clinically used, collagen-based formulations approved
by the U.S. Food and Drug Administration (FDA).83 Hydrogels are
particularly attractive bioactive coatings because their mechan-
ical properties and chemical functionalities are tunable and they
can provide a permissive 3D microenvironment that supports
cell survival and outgrowth. This versatility enables ••living••
coatings that incorporate viable cells and exploit their paracrine
signaling.226 For example, hybrid microelectrodes seeded with
live hippocampal neurons or astrocytes and subsequently pro-
tected by a biodegradable fibrin hydrogel layer substantially
reduced reactive astrocyte adsorption and weakened FBR-
associated reactions while maintaining the electrode•s electrical
resistance.88

A more targeted direction is to integrate cell-targeting bioac-
tive layers that guide selective interactions with defined cell
populations. In one design, SU-8 based mesh electronics were
functionalized with antibodies (anti-EAAT2, anti-CD11b, and
anti-D2DR) together with a laminin-1 derived synthetic peptide.
Following implantation into the mouse hippocampus, chronic
electrophysiological measurements and longitudinal histology
demonstrated preferential targeting of distinct cell types (neu-
rons, astrocytes, and microglia) and even neuronal subtypes,
enabling cell-resolved interfacing that is di�cult to achieve
with non-functionalized probes. 82

6.4. Drug-releasing surfaces

A complementary strategy to attenuate foreign-body response
(FBR) and subsequent scar formation is local immunomodula-
tion, in which immunosuppressive or anti-inflammatory agents
are incorporated at or within the bioelectronic…tissue interface.
Representative examples include corticosteroids such as dex-
amethasone and anti-fibrotic compounds. Short-term local
administration of these agents can temporarily suppress
inflammatory-cell recruitment and, in some contexts, improve
protein secretion from immune-isolated cell grafts by reducing
immune-mediated isolation. However, many anti-inflammatory
drugs are inherently pleiotropic, with broad biological effects
and potential dose-limiting toxicities, which can introduce
biocompatibility trade-offs beyond mechanics. This makes
targeted immunomodulation preferable whenever feasible
(Fig. 9c).

Beyond the four core approaches above, additional inter-
facial parameters can also shape tissue responses and long-
term compatibility, including surface topography (hydro-
phobic/hydrophilic balance, roughness, and the arrangement/
density), surface charge, wettability, and overall implant
geometry.240,241 For roughness, submicron features (o 1 mm)
appear to exert minimal influence on FBR, whereas features on
the order of 1…4mm can improve implant integration in some
settings. Spatially confined architectures„where characteristic
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dimensions are smaller than immune-cell size„may restrict
the spreading and activation of pro-inflammatory cells on the
material surface.242,243Importantly, while topographical tuning
can be beneficial, it should not compromise the device•s global
mechanical integrity or its intended functional performance.

Surface charge is another key variable because it can reg-
ulate protein adsorption and shape immune-cell…material
interactions across different phases of FBR. Adsorption beha-
vior is often governed by net surface charge rather than by
purely atomistic electrostatic interactions. 244…246The interfacial
charge state is determined by the relationship between the
surface isoelectric point and the surrounding fluid pH: pH
values below or above the isoelectric point typically yield
net positive or negative surface charge, respectively.247 Electro-
static interactions between negatively charged cells and charged
material surfaces can then furth er modulate immune activation.
In general, negatively charged surfaces are frequently associated
with a milder response than positively charged surfaces, including
thinner encapsulating layers and more limited neovasculariza-
tion, whereas near-neutral surfaces can reduce protein adsorption
and thereby markedly suppress FBR.248…250In practice, surface
charge is commonly evaluated in conjunction with wettability,
with protein adsorption serving as an experimentally tractable
readout of combined interfacial effects. Finally, because tissue
microenvironments vary substantially across implantation sites,
biocompatibility should be eval uated in a site-specific manner.251

6.5. Comparative framework for selecting biocompatibility
strategies

Although multiple strategies have been developed to improve
the biocompatibility of bioelectronic interfaces, no single
approach is universally optimal (Table 5). The most suitable
strategy depends on the dominant interfacial challenge in a

given application, including mechanical mismatch, surface-
mediated immune activation, biofouling, or insu�cient biolo-
gical integration. 21,252…255

Mechanical adjustment is particularly critical for chronically
implanted devices interfacing with soft and dynamic tissues,
where sti�ness mismatch and micromotion can drive tissue
injury and foreign-body responses. Chemical surface modifica-
tion is especially beneficial for interfaces limited by protein
adsorption and biofouling, such as electrochemical sensors or
long-term fluid-exposed devices. Bioactive modification strate-
gies are advantageous when active tissue integration or cell-
selective interaction is required, for example in neural or
regenerative biointerfaces. Drug-releasing surfaces can provide
local immunomodulation during the acute post-implantation
phase but are often limited by finite release duration and
potential o�-target e�ects. 253,255 In practice, these approaches
are often most e�ective when combined, where structural
engineering, chemical interface regulation, and bioactive mod-
ulation collectively shape the tissue…device interface.21,252…254

In addition, the e�ectiveness of biocompatibility optimiza-
tion strategies needs to be evaluated using a combination of
material-level, biological, and device-level markers. At the
material and interface level, relevant parameters include
mechanical properties (e.g., modulus and bending sti�ness),
surface wettability, protein adsorption, coating stability, and
electrical interfacial properties such as impedance and charge
transfer e�ciency. 21,252,254,256 Biological responses can be
assessed through acute and chronic markers of host response,
including cell viability, inflammatory cytokines ( e.g., TNF-a, IL-
1b, and IL-6), immune-cell infiltration, macrophage activation,
and fibrotic capsule formation. 253,255,256For neural interfaces,
markers of glial activation and neuronal preservation are also
commonly used. Finally, device-level functional metrics provide

Table 5 Case-based selection of strategies for improving the biocompatibility of tissue�bioelectronics interfaces

Applications
Dominant interfacial
challenge Preferred strategy Representative evaluation markers Key considerations

Neural
interfaces

Mechanical mismatch,
micromotion, and glial
scar formation

Mechanical adjust-
ment + bioactive
modification

GFAP/Iba1/CD68 expression, neuronal density,
fibrotic/glial scar thickness, impedance
stability, signal-to-noise ratio

� Ultra-soft materials
improve compatibility
� Reduce mechanical
robustness/Long-term
robustness
� Improve fabrication/
insertion di�culty

Vascular
interfaces

Endothelial injury,
Thrombosis,
inflammatory response

Mechanical
compliance + chemical
antifouling coatings

Platelet adhesion, endothelial integrity,
inflammatory infiltration, lumen patency

Surface coatings must not
compromise sensing or
stimulation e�ciency

Epidermal
wearable
devices

Skin irritation, motion-
induced detachment,
signal instability

Mechanical com-
pliance + interface
adhesion engineering

Skin erythema score, adhesion stability, motion
artifacts, signal reliability

Balance between adhesion
strength and skin comfort

Organ surface
bioelectronics

Wet adhesion di�culty,
fibrosis, immune
activation

Chemical modification
+ bioactive interfaces

Local inflammation markers, collagen
deposition, macrophage infiltration, adhesion
strength

Wet adhesion and
mechanical compliance
are both critical

Therapeutic
implantable
bioelectronics

Acute inflammatory
response after
implantation

Drug-releasing surfaces
+ mechanical
optimization

Cytokine levels, immune-cell infiltration,
fibrotic capsule thickness, device functional
stability

Drug release often
e�ective for short-term
modulation
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important evidence of improved biocompatibility. These
include signal-to-noise ratio, impedance stability over time,
stimulation threshold, sensing stability, and long-term record-
ing fidelity. 252 Together, these markers enable a comprehensive
evaluation of how di�erent strategies influence both biological
responses and device performance.

7. Outlook
Future progress in tissue…bioelectronics interfaces will rely on
deeper integration of materials design, structural engineering
and biological insight. Although substantial progress has
enabled soft, conformal, and multifunctional interfaces,
achieving durable and predictable performance within the
dynamic, heterogeneous tissue microenvironment remains a
central challenge.

Several emerging directions are expected to address key
limitations in long-term stability, interfacial adaptation, and
system integration. Adaptive materials capable of tuning
mechanical and chemical properties in vivo may help accom-
modate tissue remodeling over time; biohybrid and immuno-
modulatory interfaces that actively engage with host tissues
o�er pathways toward long-term functional integration rather
than passive tolerance. In parallel, computational and data-
driven design frameworks may enable predictive optimization
of interfacial mechanics, adhesion energetics, and immune
responses. Advances in 3D andin vivo printing, personalized
device architectures, and minimally invasive deployment stra-
tegies will further expand the design space for interfaces
tailored to complex anatomical geometries.

Collectively, these developments indicate a transition
toward bioelectronic systems that dynamically adapt to tissue
remodeling, maintain stable coupling, and enable feedback-
controlled operation. Realizing this vision, however, will require
more than improvements in short-term biocompatibility or proof-
of-concept functionality. Clinical translation also depends on
whether device fate, interface durability, system reliability, man-
ufacturability, and regulatory readiness can be addressed across
the full lifecycle of tissue-in terfaced bioelectronics.

7.1. Clinical translation: device fate and end-of-life
considerations

Beyond short-term tissue compatibility and proof-of-concept
functionality, clinical translation requires explicit considera-
tion of the long-term fate and end-of-life scenarios of tissue-
interfaced bioelectronics (Table 6). For long-term or permanent
implants, device fate is often governed by chronic interfacial
evolution (e.g., fibrotic encapsulation and biofouling) and
mechanical/electrochemical failure modes such as fatigue,
delamination, insulation breakdown, and corrosion, which
can progressively compromise both safety and function.
In mechanically harsh in vivo environments, failure may also
lead to the release of metal ions or particulate debris, indirectly
amplifying immune activation and accelerating functional
decay.21,256,257

For transient or resorbable bioelectronics, additional con-
siderations arise regarding degradation kinetics and mechan-
isms (surface vs. bulk erosion), local accumulation and
systemic clearance of degradation byproducts, and potential
mismatches between functional lifetime and physical resorp-
tion time. These issues become particularly important for
devices that incorporate conductive fillers, nanoparticles, or
hybrid material stacks, where partial degradation may leave
residual fragments that persist longer than intended. For in situ
formed/printed interfaces, translational feasibility further
depends on curing completeness, geometric reproducibility,
and whether the device can be retrieved or revised in case of
malfunction. 258…260

7.2. Translational testing: from materials to interface
durability and system reliability

A clinically relevant evaluation pathway should extend beyond
standard cytotoxicity screening to include staged validation
across material-, interface-, and system-level performance.
At the material level, early testing typically includes cytotoxicity
as well as extractables/leachables assessments to de-risk
residual monomers, initiators, plasticizers, and degradation
byproducts, especially for emerging polymeric and reactive
chemistries.

At the interface level, translation-oriented testing should
emphasize durability under wet and dynamic physiological
conditions, including adhesion retention, delamination resis-
tance, and mechanical fatigue under cyclic deformation. For
bioelectronic interfaces, electrical stability metrics ( e.g., impe-
dance drift, signal-to-noise ratio stability, stimulation thresh-
old drift, baseline drift for electrochemical sensors) provide
direct evidence of whether improved biocompatibility trans-
lates into sustained functional coupling. 21,261,262Practical con-
straints such as sterilization compatibility, packaging, and
storage/shelf-life stability are also critical, as these processes
can alter surface chemistries, hydration layers, or reactive
functional groups, thereby changing interfacial behavior prior
to implantation. 257

In vivo validation ideally progresses from acute to chronic
small-animal studies and, when feasible, to larger-animal
models that better capture anatomical scale, surgical workflow,
device fixation, motion environment, and revision feasibility.
Post-explant analysis, including failure-mode characterization
and tissue-level histology, can further inform design iteration
by linking interfacial biological response to device degradation,
mechanical damage, and electrical drift. 257,260

7.3. Regulatory and manufacturing challenges for clinically
deployable bioelectronic interfaces

Regulatory translation is complicated by the rapidly increasing
material and functional complexity of tissue…bioelectronics
interfaces. Many emerging systems incorporate unconventional
material chemistries (reactive adhesives, bioactive coatings,
degradable conductors), hybrid integration of rigid and soft
components, and in some cases drug-releasing or closed-loop
therapeutic functions. These features can complicate device
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classification and increase the burden of evidence required to
demonstrate safety and effectiveness, particularly when long-
term exposure, degradation byproducts, or residual reactive
species are involved.260,263,264

Equally important, manufacturing reproducibility and
quality control represent regulatory-relevant challenges rather
than purely engineering concerns. For interfaces relying on

micro/nano-structured designs or time-dependent material
behaviors, batch-to-batch variability in geometry, curing extent,
hydration state, or filler dispersion can lead to substantial
variance in both biological response and electrical perfor-
mance. Establishing standardized evaluation protocols that
integrate biological safety, interfacia l stability, electrical reliability,
sterilization/shelf-life constraints, and end-of-life considerations

Table 6 Translational implications of conformal-interface design levers in structural engineering and materials viscoelasticity

Structure
engineering and
material design
principles

Intended
interfacial
mechanism

Typical use
scenario

Device fate & end-of-life
implications

Translation-focused
validation tests

Regulatory/manufacturing
watch-outs

Structural
engineering:
ultrathin/low
bending sti�ness
(ultrathin films,
thin
encapsulation)

Reduce e�ective
sti�ness; suppress
micromotion-
induced injury;
improve conformal
contact

Chronic soft-
tissue inter-
faces (neural/
organ-surface),
long-term wear-
able sensing

Long-term operation
possible, but handling/
implantation damage risk;
thin barriers can accelerate
moisture ingress and
functional drift

Wet-state mechanical
durability (bend/strain
cycling); encapsulation
integrity in physiological
media; long-term impe-
dance drift/SNR stability;
accelerated aging

Process window tight;
thickness uniformity & pin-
hole defects; packaging/
sterilization may change
barrier/adhesion

Structural
engineering:
strain-
accommodating
interconnects
(serpentine/
island-bridge)

Decouple rigid
components from
tissue strain; miti-
gate lead fracture

Hybrid systems:
rigid chips +
soft substrate;
stretchable
arrays

End-of-life often
dominated by interconnect
fatigue or connector fail-
ure; revision may require
modular explant

Cyclic fatigue under multi-
axial deformation; electrical
continuity under motion;
connector pull/peel relia-
bility; failure-mode analysis
post-test

QC for microcracks/line
breaks; batch-to-batch
geometry tolerance; assem-
bly yield and traceability

Structural
engineering: out-
of-plane/3D
compliant
architectures
(mesh, porous,
textile-like)

Promote tissue
compliance and
reduce stress
concentration;
(sometimes) enable
tissue integration

Neural probes/
soft implants;
long-term
interfaces
requiring stable
placement

May lead to tissue
ingrowth - improved sta-
bility but harder retrieval/
revision; end-of-life plan-
ning becomes essential

Chronic implantation
stability; explant feasibility;
histology + functional sta-
bility over time; imaging
compatibility

Classification and surgical
workflow complexity;
manufacturing consistency
of 3D geometry; sterilization
penetration and packaging
robustness

Structural
engineering:
geometrical cuts/
kirigami-origami

Allow large stretch-
ability without high
material strain;
reduce interface
shear

Highly deform-
able wearables;
dynamic organ
surfaces

Fate often limited by tear
initiation at cut tips;
mechanical damage can
trigger delamination and
signal drift

Tear/fatigue resistance at
stress concentrators;
adhesion retention under
repeated stretch; motion-
artifact quantification

Defect sensitivity high;
inspection standards
needed; reproducibility of
cut features at scale

Elastic materials
(stable low-
modulus
elastomers)

Provide immediate
compliance with
predictable elastic
response; maintain
geometry over time

Long-term
wearables;
encapsulation
layers; soft
substrates

Generally compatible with
long-term residence, but
aging can cause sti�ening/
softening, changing inter-
face stress & sealing

Long-term mechanical
aging (creep/relaxation);
encapsulation/barrier
aging; impedance stability;
sterilization compatibility

Formulation control;
sterilization-induced
property drift; shelf-life and
packaging constraints

Viscoelastic
materials (stress-
relaxing hydro-
gels/ionogels)

Time-dependent
stress relaxation to
reduce chronic
irritation; improve
wet contact

Soft tissue/
organ
interfaces;
hydrogel-based
electrodes

Fate depends on swelling/
dehydration, leaching, and
network remodeling; risk
of progressive property
drift a�ecting function

Swelling/dehydration
cycling; extractables/leach-
ables; long-term adhesion
in wet; electrical drift with
hydration changes

Batch control of crosslink
density & water content;
storage/transport humidity;
sterilization e�ects on
network chemistry

Viscous/flowable
materials (pastes/
flowable inks/
in situ forming
layers)

Immediate inti-
mate contact; fill
microgaps; con-
form to rough
surfaces

Acute inter-
faces; temp-
orary fixation;
in situ formed/
printed contact
layers

Fate includes migration/
redistribution, incomplete
curing, residual species;
retrievability/revision
becomes key

Curing completeness;
residual/reactive species +
leachables; in situ geometry
reproducibility; migration/
dispersion assessment

Operator dependence;
workflow validation; stron-
ger regulatory scrutiny for
in situ formation; QC for
curing and composition

Cross-cutting:
hybrid + multi-
functional
systems (sensor/
stimulator + coat-
ings/drug layers)

Combine mechan-
ical conformity +
biochemical mod-
ulation +
functionality

Closed-loop
therapies; drug-
eluting or
bioactive
interfaces

Fate may be governed by
the ••weakest link••: coating
depletion, drug exhaus-
tion, mechanical fatigue,
or electrical drift

Integrated safety + perfor-
mance endpoints (biology +
function); chronic stability;
post-explant failure analysis

Possible combination-
product classification;
manufacturing traceability;
consistency of multi-layer
stacks; sterilization/shelf-
life across components
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will be critical for advancing tissu e…bioelectronics interfaces from
laboratory prototypes to clin ically robust technologies.257,260…262
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