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Abstract: Intrinsically stretchable bioelectronic devices based on soft and conducting organic
materials have been regarded as the ideal interface for seamless and biocompatible integration with
the human body. However, the grand challenge remains for the conducting polymer to possess
both high mechanical ductility and good electrical conduction at cellular level feature sizes. This
longstanding material limitation in organic bioelectronics has impeded the full exploitation of its
unique benefits. Here, we introduce a new molecular engineering strategy based on rationally
designed topological supramolecular networks, which allows effective decoupling of competing
effects from multiple molecular building blocks to meet complex requirements. We achieve two
orders of magnitude improvement in the conductivity under 100% strain in physiological
environment, along with the capability for direct photopatterning down to 2 um. These
unprecedented capabilities allow us to realize previously inaccessible bioelectronic applications
including high-resolution monitoring of ‘soft and malleable’ creatures, e.g., octopus, and localized
neuromodulation down to single nucleus precision for controlling organ-specific activities through
delicate tissues, e.g., brainstem.
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Implantable and wearable bioelectronic systems are essential in numerous biomedical
applications, ranging from multimodal monitoring of physiological signals for disease
diagnosis(/-6), programmable modulation of neural or cardiac activities for therapeutics(7-12),
restoration of lost sensorimotor functions for prosthetics(/3-17), and even augmented reality(/8).
However, many of these existing devices experienced performance degradation, and even failure,
when operating in a dynamic-moving tissue environment(/9). This stems primarily from the
mechanical mismatches (e.g., modulus and stretchability), which inevitably lead to either
interfacial delamination, fibrotic encapsulation or gradual tissue scarring(20).

To maintain effective electrical signal exchanges across electrode-bio interfaces, efforts have
been made to render rigid electronics and inorganic materials compliant to soft biological
tissues(2/, 22). Meanwhile, intrinsically stretchable organic electronics is fast-emerging as a
promising candidate with several unique advantages(23). First, they do not suffer from the inherent
trade-off between overall system stretchability and device density found for rigid materials.
Therefore, high resolution mapping/interrogation can be realized for conformal biointerfaces(24,
25) (Fig. 1A). Second, the unique electronic-ionic dual conduction mechanism of conducting
polymers (CPs) reduces the electrode-tissue interfacial impedance, thus allowing high recording
fidelity and efficient stimulation charge injection(26-28). However, electrical conductivities of
existing stretchable CPs are too low after being micro-fabricated into bioelectronic devices(23).
As a result, rigid metal interconnects are still required, which greatly diminished the advantages
of soft CPs(3). Even with stretchable microcracked-metal structures, they are limited to certain
thickness and width to maintain modest stretchability without severe degradation of electrical
conduction(29). These restrictions usually result in high sheet resistance and large feature sizes of
>50 um(30).

To address this longstanding bottleneck, we describe here a rationally designed topological
supramolecular network to simultaneously enable three important advancements in bioelectronics:
(i) biocompatible and stretchable CPs with record-breaking conductivity (~2700 S cm™ at 0%
strain; ~6000 S cm™! at 100% strain), (ii) direct photo-patternability down to 2 um feature sizes,
and (iii) high stretchability maintained after micro-fabrication with no crack formation under at
least 100% strain (Fig. 1B-C), which are essential for low-impedance and seamless biointegration.
All previously reported stretchable CPs in physiological environment showed substantial cracks
after ~25% strain with poor conductivities of <10 S cm™ at 100% strain. Our key hypothesis is that
incorporating topology into the molecular design may decouple multiple competing effects to meet
complex requirements(3/). We chose ‘mechanically-interlocked’ structures because they possess
large conformational freedom from the mobile junctions(32-35). Therefore, using a single
supramolecular crosslinker, we could simultaneously enable intrinsic stretchability, high
conductivity, and direct photopatternability for CPs (Fig. 1B). These unprecedented properties
allowed us to demonstrate new capabilities in bioelectronic applications, including: (i) cellular
resolution recording of muscle signals from human palm as well as highly malleable and soft-
bodied octopus, and (ii) localized neuromodulation through delicate brainstem down to single
nucleus level for precise controls of individual muscle groups at tongue, whisker, and neck (Fig.
1D-G).

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is among the highest
performing and most investigated CPs for bioelectronic devices(3, 23, 27). It is an aqueous
suspension consisting of colloidal particles with PEDOT-rich cores and PSS-rich shells. As a
result, pristine PEDOT:PSS films have low conductivity (<10 S cm™') and cracks at <10% strain
due to the sparse PEDOT conducting connections between particles(26, 36). Although ionic and
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molecular additives can improve both conductivity and stretchability(37), after solvent treatment
during device fabrication and immersion in aqueous biological environment, performance of
existing PEDOT:PSS films dropped substantially (initial conductivity of <50 S cm™'; crack onset
strain of <20%)(38) because the non-crosslinked additives were washed away and lost their effects.
To achieve high conductivity and stretchability with stable operation in biological environment,
we designed a crosslinkable supramolecular additive, based on a polyrotaxane (PR) structure.
Specifically, it is comprised of a polyethylene glycol (PEG) backbone and sliding cyclodextrins
(CDs) functionalized with PEG methacrylate (PEGMA) sidechains, to induce high conductivity,
stretchability, and photo-patternability (Fig. 2A-B, synthesis and characterizations in figs. S1-9).
While PEG was known to induce aggregation of PEDOT to enhance conductivity(39), its strong
tendency to crystalize would lead to phase separation and poor stretchability. In our design, we
hypothesized that the incorporation of sliding CD units may prevent the crystallization of PEG to
provide a better stretchability. Thus, our single additive molecular design with PR-PEGMA should
fulfill all our set forth requirements, while containing a minimal amount of inert components, and
we termed the topological network enabled stretchable conducting polymer bioelectronics as
‘TopoE’.

To validate our hypothesis, we first investigated samples with only the PEG diacrylate
(PEGDA) backbone (molecular weight 10k, PEGDA-10k) or sidechain PEGDA (molecular
weight 575, PEGDA-575) blended into PEDOT:PSS for crosslinking (see Methods in Supporting
Information). In both cases, only a slight improvement in stretchability was observed, i.e., from
~5% to ~50% or 30% strain, respectively (Fig. 2C, fig. S11). Further analyses using atomic force
microscopy (AFM) and grazing incident X-ray diffraction spectroscopy (GIXD) revealed that the
films were inhomogeneous and suffered severe microphase separations, most likely due to the
crystallization of PEG (figs. S12-13). For PEGylated cyclodextrin (CD-PEGMA), its poor
solubility in water prevented uniform blending with PEDOT:PSS, such that the final crack onset
strain was measured to be only ~30%. Similarly, for PR-MA without any PEG sidechains, it was
also observed that it could not dissolve well in water to enable good blending with PEDOT:PSS
(Fig. 2D, fig. S11).

However, PR-PEGMA was found to have the balance between molecular topology and
chemical polarity. It has good solubility in water due to the PEG-based backbone and sidechains,
yet low crystallinity due to the bulky CD rings (fig. S13). As a result, the photo-crosslinked TopoE
film with PR-PEGMA/PEDOT:PSS was uniform and can be stretched up to 150% strain. The
number of sidechains on each PR-PEGMA molecule was also found to be important, with eight
PEGMA chains being the optimal condition with the best stretchability (fig. S14). Finally, we
investigated other common multi-arm PEGDA derivatives and observed that only the pulley-
topology with CD was effective in enhancing the stretchability of PEDOT:PSS (fig. S15). Next,
we observed that the TopoE film can be directly photopatterned down to 2 um (Fig. 2E, fig. S16),
while the crosslinked film after development could still maintain stretchability (fig. S17). With
these developments, we chose PR-PEGMAg5 (abbreviated as PR) for all future characterizations
and fabrications.

As the PR content increased, higher stretchability (Fig. 2F, fig. S18) and lower Young’s
modulus were obtained (Fig. 2G). Importantly, a higher PR content also led to a better
PEDOT:PSS conductivity with a significant enhancement of over two orders of magnitude
compared to pristine PEDOT:PSS (Fig. 2H). X-ray photoelectron spectroscopy (XPS) revealed a
decreasing trend of PSS over PEDOT ratio as the PR-PEGMA content increased, indicating a
significant portion of insulating PSS was removed after blending and water development (Fig. 2I).
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UV-vis and Raman spectroscopy also confirmed that less PSS remained in the TopoE film (fig.
S19). With PR, its polar PEG chains replaced a portion of PSS in interacting with PEDOT, which
led to the enhanced aggregation of PEDOT(39) (Fig. 2B, fig. S20). In addition to increased
PEDOT content, AFM phase images of the blended films further revealed that the microscale
morphology of PEDOT gradually evolved from grain-like particles to percolated micro-webs,
which was favored for enhanced charge transport, especially under strain (figs. S21-22).

Next, we aim to further improve the conductivity of TopoE. We hypothesized that conductivity
of TopoE can be enhanced by sulfuric acid treatment, while still maintaining a high stretchability
with the crosslinked network, which we termed as ‘TopoE-S’ (Fig. 3A). We first confirmed that
the topological network could survive the acid-dipping process using XPS depth profiling
investigation (fig. S23). We also used GIXD to track the change of PEDOT crystallization (figs.
3b-c¢). The neat TopoE film showed a scattering profile with a weak (100) diffraction peak,
corresponding to the PEDOT lamellar packing. After acid treatment, the TopoE-S film showed
high-order diffraction peaks with strong intensities while the (100) peak shifted to a larger ¢ value
(0.49 vs 0.46 A, suggesting denser lamellar packing and longer range order(40). In addition, the
n-n (020) peak also emerged in the in-plane direction, indicating longer range order for m-m
stackings between PEDOTs(41/). Besides the increased PEDOT interactions, AFM phase images
showed that the microscopic morphology of PEDOT changed to interconnected fibers after acid
treatment (Fig. 3D). With both these changes, an one order of magnitude enhancement of the film
conductivity than TopoE and three orders of magnitude enhancement than pristine PEDOT:PSS
film up to ~2700 S cm™! was obtained for TopoE-S (Fig. 3E). We note that the TopoE-S film was
also optically transparent in the visible range with a transmittance of 94% at 550 nm and a sheet
resistance as low as 69 Q sq’!. These values for stretchable TopoE-S are comparable to state-of-
art non-stretchable PEDOT:PSS(40), carbon nanotube(42), silver nanowire films(43), and even
widely used indium tin oxide (ITO)(44) based transparent conductor (fig. S24).

The highly conductive TopoE-S film can be directly photo-patterned in one step while previous
PEDOT:PSS patterns had to go through multi-step lithography using photoresist together with
metal-protected etching process(38). The photo-patterned circular structure could be stretched to
an elliptical shape at 100% strain, while remaining intact without observable cracks (Fig. 3F, figs.
S25-26). AFM phase images and corresponding fast Fourier transform (FFT) spectrograms of the
TopoE-S film under strain showed that the PEDOT micro-fibers became aligned along the
stretching direction and return to isotropic orientations when strain was released (fig. S27). GIXD
spectra confirmed the retention of the PEDOT crystallization in directions both parallel and
perpendicular to the strained axis (fig. S28). Finally, the cyclic stretching testing between 0-100%
strain for the TopoE-S film showed reversibly conductivity for at least 500 cycles (Fig. 3G). For
bioelectronics application, the PEDOT:PSS electrode needs to be immersed in physiological
environment to remove any soluble or toxic additives. After such an essential treatment, previously
reported PEDOT:PSS systems with conductivity-enhancement treatment(40), small molecule
plasticizers(37), surfactant blending(45) or polymeric additives(46) all suffered from substantial
drops of conductivities upon stretching although the polymeric additives were slightly better than
the small molecule ones (Fig. 3H, fig. S29). In sharp contrast, our TopoE-S was able to maintain
its high performance at ~2700 S cm™ initial conductivity and ~6000 S cm™ at 100% strain with
chain alignments (Fig. 3H, figs. S27 & S29).

Directly related to bioelectronic applications, electrochemical impedance of TopoE-S in
phosphate buffered saline (PBS) solution is lower than stretchable cracked Au (c-Au) in all
frequency ranges (Fig. 3I). c-Au electrode is among the best stretchable electrodes for
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bioelectronics (47). Its high-frequency unit-area impedance is determined by thickness and feature
size, which are constrained by crack size. Its low-frequency unit-area impedance is several orders
of magnitude higher than TopoE-S because the effective interfacial capacitance for TopoE-S is
much larger than that of c-Au (Fig. 3J)(47). Such a large interfacial capacitance is also responsible
for high charge storage capacity (CSC) (Fig. 3k) and efficient charge injection (Fig. 3L), which
are both important for low-voltage electrical stimulation(38). The high electrical conductivity is
essential for TopoE-S to outperform c-Au at all frequency ranges (fig. S30). Otherwise, if the
electrical conductivity of PEDOT is lower than ~300 S cm™!, the reduced impedance of PEDOT
versus c-Au is only expected in the low frequency regime. The impedance value of the TopoE-S
electrode remained stable in PBS for at least one month (fig. S31). When the TopoE-S electrode
was at 100% strain, its impedance only showed slight increase due to the electrode geometry
change without inducing any cracks (fig. S32). The above obtained results suggested that TopoE-
S will be ideal for both electrophysiological recording and electrical stimulation.

Next, we developed a fabrication process for high-density stretchable electrode arrays by
optimizing the chemical orthogonality and surface energy of each elastomeric layers (Figs. 4A-B,
figs. S10 & S33). The as-fabricated stretchable TopoE-S array has a narrow distribution of both
the impedance and the phase angle (fig. S34). Since the entire electrode array (as thin as 20 pm)
is made of soft and elastic materials, it can be easily attached onto human skin with great
conformability (Fig. 4C). As a result, it allowed high-density surface electromyography (sSEMG)
recording even on moving muscle. Previously, typical inter-electrode distance (IED) for sSEMG
devices is usually ~5 mm or larger because the high impedance of rigid electrodes and poor skin
contact do not allow reliable recording with high density(48). Here, because of the low impedance
of PEDOT:PSS and low modulus of the entire electrode array, we successfully reduced the IED
down to 500 pm with electrode width of 100 um, while still being able to capture high fidelity
sEMG signals (Fig. 4B). In addition, the low unit-area impedance enabled our stretchable electrode
array could resolve SEMG propagation dynamics using small electrode area with unprecedented
spatial resolution (Figs. 4D-E). Besides recording dynamic information, the integrated EMG
signals over time was also distinct enough to differentiate other hand gestures in a highly
reproducible manner (figs. S35-40). Further analysis of these subtle muscle activities, especially
on the cellular scale, may offer critical insights to the study of kinesiology and serve as the
foundation for future skin electronics as a non-invasive and robust human-machine interface for
prosthetics applications.

Another unique new capability enabled by the stretchable electrode array is to measure SEMG
signals from soft-bodied creatures, such as an octopus, whose muscles can undergo much larger
deformations than human’s (Fig. 4F). We observed that upon electrical stimulation of the octopus
arm, our stretchable sSEMG array could consistently record the muscle activity dynamics with good
signal-to-noise ratio (SNR) (Fig. 4G, figs. S41-42). On the contrary, a rigid probe made of
PEDOT:PSS on polyimide was observed to simply slip along the muscle surface due to its inability
to follow the tissue contour, resulting in extremely noisy signals, i.e. low SNR (Fig. 4H, figs. S43-
44). Moving forward, our stretchable electrode array may be further extended to soft robotic
applications where robust operation under extreme deformation is needed.

Finally, stretchable bioelectronics made with rigid inorganic materials require special structural
designs at compromised device densities while intrinsically stretchable TopoE-S allows
simultaneously high-density and stretchable electrode array (fig. S45), which is critical to the
interrogation of biological activities at intricate locations with high resolution. In this regard,
brainstem would be a perfect testbed for several reasons (Fig. SA, fig. S46). First, brainstem is
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naturally curved and will experience severe strains during the movements of cervical spines(2/,
49). It serves as the central hub for motor controls of almost all facial and neck motions through
ten pairs of cranial nerves(50). It also regulates cardiac and respiratory functions. Thus, a high-
density electrode array will be instrumental for precise control of downstream activities.
Furthermore, soft and stretchable devices are essential to mitigate any possible damages from neck
movement to the brainstem.

We first showed that our stretchable electrode array, when placed on the floor of the fourth
ventricle, could easily follow the underlying curvature to form intimate contact (Fig. 5B, fig. S46).
Next, we delivered current pulses to individual electrodes to stimulate tongue, whisker, and neck
individually and simultaneously recorded EMG and motion signals at those locations were used to
confirm the organ-specific stimulation (Fig. 5C). After sweeping the entire electrode array with
300 um IED and 50 pum electrode width, we observed a clear evolution of muscle
electrophysiological signals and corresponding movements with unprecedented spatial precision
(Fig. SD, figs. S47-49). After normalizing EMG activities elicited by each electrode, we were able
to construct three high-resolution activation maps that correlated well with individual nucleuses
for hypoglossal, facial, and accessory nerves that innervated genioglossus, orbicularis oris, and
sternocleidomastoid, respectively(50) (Fig. SE, fig. S50). Moreover, besides independent controls
of different muscle groups, the high-resolution stimulation through our stretchable electrode array
also showed strong side specificity. Briefly, only the muscles on the same side (i.e., ipsilateral) of
the electrode would be selectively stimulated, in accordance with the functional organization of
corresponding cranial nerves(50) (Figs. SF-G, figs. S50-51). The amplitude of the elicited muscle
signals could also be modulated by the intensity of the input stimulus, suggesting the potential to
fine tune the neuromodulation with even more controls (fig. S52). Finally, immuno-histological
analysis indicated that our electrode array did not induce observable tissue damages or
inflammatory responses when placed between the cerebellum and the brainstem, whereas rigid
plastic probes supported on polyimide substrates with Young’s modulus at a few GPa caused
severe damage by cutting into the soft brainstem, possibly due to frequent neck movements, shortly
after implantation (Fig. SH-I, figs. 53-55). This work clearly demonstrated the need and
importance in using soft electronics for biocompatible neural interfaces. Collectively, our ability
to modulate neural activities down to single nucleus precision not only offered immediate benefits
for clinical translation in neurosurgical procedures where high-resolution functional maps are
demanded, but also opens up a new ‘playground’ for brain-machine interfaces where previously
challenging brain structures, such as brainstem, may now be incorporated.

In conclusion, we utilize molecular topology to design a single additive to address the
longstanding bottleneck of poor conductivity for stretchable polymer bioelectronics, in which our
TopoE-S material achieved record-high conductivity, stretchability, and photo-patternability. Our
fabricated soft and biocompatible electrode arrays enabled previously inaccessible applications,
including ~10 times higher resolution EMG recording, unprecedented mapping on a soft live
creature, e.g. octopus, and localized neuromodulation down to single nucleus for high-precision
control of individual muscle activities through the fragile brainstem. These capabilities may be
further extended to construct a stand-alone and closed-loop system that allows ultimate integration
with human body. Our transparent and stretchable high conductivity electrode having figure-of-
merit which is on par with the widely used ITO will also enable other stretchable electronics
applications, such as displays, solar cells, transistors, and photodetectors.
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Fig. 3. Fully-crosslinked topological network can afford post-treatment towards record high
conductivity and stretchability. (A) Schematic diagram illustrating the change of crystallinity by
acid treatment. (B-C) 2D spectra (B) and 1D profile (C) of GIXD collected from TopoE and
TopoE-S. (D) AFM phase images showing the morphological changes of TopoE and TopoE-S.
(E) Electrical measurement showing enhanced conductivity after acid treatment for TopoE-S. (F)
Optical microscope images showing the shape evolution of a TopoE-S pattern during stretching
without inducing any cracks. (G) Cyclic stretching test between 0% to 100% strain showing
reversible resistance changes of TopoE-S. (H) Conductivity over strain plots showing high
conductivity under strain for TopoE-S versus literature reported PEDOT:PSS after water soaking.
All previously reported methods suffer from severe conductivity degradation from soaking and/or
from strain (detailed data and references in fig. S29). (I) EIS measurements showing the reduced
impedance of TopoE-S compared to stretchable cracked Au (c-Au). (J) Interfacial capacitance
from TopoE-S and Au as a function of electrode volume. (K) CV sans showing the enhanced
charge storage capacity of TopoE-S over c-Au. (L) Current measurements following transient
voltage pulses showing better charge injection of TopoE-S than c-Au.
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Fig. 4. Intrinsically stretchable electrode array allows high-resolution electrophysiological
monitoring of deformable tissues. (A) Exploded view of the multilayered stacks for the
stretchable electrode array. (B) Photograph of an as-fabricated device (upper row) and an optical
microscope image of the active site (lower row). (C) Photographic image of the sEMG
measurement setup including a tissue conforming stretchable electrode array and a flexible flat
cable (FFC) for input/output communications. (D) Representative EMG recording traces during a
fist gesture with distinct spatiotemporal dynamics of individual channels. (E) Temporal evolution
of EMG activity across different channels corresponding to the raw traces in (D) while fisting. (F)
Photographic images of a stretchable electrode array attached to an octopus arm. (G) Peristimulus
time histogram of evoked EMG activities of the octopus during muscle twitching. (H) Comparison
of the signal variance during resting state recorded by a rigid probe versus a soft and stretchable
probe.
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Fig. 5. Intrinsically stretchable electrode array allows localized neuromodulation for precise
control of independent muscle activities. (A) Schematic diagram illustrating the application of
the stretchable electrode array for precise neuromodulation through localized brainstem
5 stimulation. (B) Microscope image of a stretchable electrode array conforming to the curved floor
of the fourth ventricle. (C) Schematic illustration of a multi-electrode array placed on the right
side of the brainstem. (D) Evoked muscle activities recorded at the tongue (left), whisker (middle),
and neck (right) following electrical stimulation at the brainstem. (E) Activation maps based on
the muscle activities depicting the spatial distribution of different nucleus (marked by dashed lines)
10 in the brainstem with downstream connections to the hypoglossal nerve (left), facial nerve
(middle), and accessory nerve (right). (F) Schematic diagram and representative data traces
showing the side specificity of the brainstem stimulation. (G) Statistical analyses showing the
preferred activation of ipsilateral targets. (H-I) Immunohistological staining of a brain slice
following the insertion of the soft and stretchable electrode array (H) and a rigid device (I) along

15 the floor of the fourth ventricle between the brainstem and the cerebellum.
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