UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title
lon Conducting Materials and Devices for Bioelectronics

Permalink
https://escholarship.org/uc/item/22c3f3f0

Author
Jia, Manping

Publication Date
2021

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/22c3f3f0
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

SANTA CRUZ

Ion Conducting Materials and Devices for Bioelectronics
A dissertation submitted in partial satisfaction

of the requirements for the degree of

DOCTOR OF PHILOSOPHY
in
ELECTRICAL AND COMPUTER ENGINEERING
by
Manping Jia

December 2021

The Dissertation of Manping Jia is approved by:

Professor Marco Rolandi, chair

Professor Holger Schmidt

Professor Nobuhiko Kobayashi

Peter F. Biehl
Vice Provost and Dean of Graduate Studies






Table of Contents

INTRODUCTION ..uuiiiiueiirencsnnnssansssnesssecssnssssesssassssessssssssssssassssssssssssassssassssassassssasssss 1
1. BIOCIECIIOMICS...uueeuerieeisueninecsuiisaensnecssnecsannssnesssecssseesanssssessseessseessnsssassssassssessanses 1
2. Materials in bioelectronic deViCes.....cccccvervureervnricssrrcsssnrcssrrcssnsressssncsssssssssesnns 7
2.1 Metals and metal NanoParticles.........eienceicsvericssnrcsssnncsssrcsssenessssscssssessasees 7
2.2 Conducting polymers and carbon materials ..........cccceeverescercssercscnnrcssarecsnnnes 8
2.3 Proton/Ion Conducting Materials .......c.ccevveecsvericssnncsssnncssnrcsssnncssssscsssesssnses 9
3. Ion Transport MeChaniSm ........ccoeicnseicscnnicssnnccssnncssssncssssnessssnsssssssssssssssseses 12
RESEARCH CONTRIBUTION .....cooiiniiniinsecsnecsenssecssecsssssesssecsassssssssssssssssssssssssans 21
4. Measuring Proton CondUuCtiVIty ......cccecceeescrecssnnicssnncssssncssnrcssssrcsssssssssssssssseses 21
4.1 Proton conductivity of GlycosaminoglyCans ..........cccceeverescercscnnrcscnnncssarecnns 21
4.1.1 INtrOAUCHION ......eiiiieiieeiie ettt ettt ettt et e s e ebeesaaeens 22
4.1.2 Materials and Methods..........c.cooieriieiiiiiieieee e 24
4.1.3 Results and DiSCUSSION .......ccvieriieiiieriieiieeiieeieeite sttt ste e eveeeeesane e 26
4.1.4 CONCIUSIONS ....uviiiiieiieeiieeiie ettt ettt te et e et e ste et e st e eteesaaeenbeassseenseesnseans 34

4.2 Proton conductivity of the gel within the electrosensory organs of
cartilaginous fiSHes......cceiiivviinivninnsnininninsniinsnniensnicssnncsssncssssncssssssssssssssssssnns 36
4.2.1 INtrOAUCHION ......eiiiiieiieeiie ettt ettt ettt e e e eseesareens 36
422 RESULL ittt ettt ettt ettt et e et e earaens 39
4.2.3 DISCUSSION ...eiutieiiieiieeiieetieeiteeteesteesteessbeeseesaseanseessseenseessseenseasssesnseesnseans 43
4.2.4 Limitations of the stUdy ........coeviiiiiiiiiiiiiieieee e 46
4.3 Proton conductivity of Single-Crystal Polycationic Polymers.................... 47
4.3.1 INtrOAUCHION ......eiiiiieiieeie ettt ettt s te e e saeeseesareens 48
4.3.2 Proton CondUCEIVILY .......ccouieriieriieeiiesiie et eiee st eieesreeseeeste vt e seneeeeesaneens 51
4.3.3 CONCIUSION ..ttt ettt ettt ettt et e st e et e st e et eesaae e bt assseensaesasaens 55
4.4 Proton conductivity of Nanotubes .......ccceevveecsvericscencnsnncssnrcssnencssnencsnsesnns 57
4.4.2 Result and diSCUSSION......cc.eeriieriieiiieiieeie ettt sae e eaeeeeesane e 61
4.4.4 EXPEriMENt SECLIOM. ...ceeuvietieeiieeieeeiieetieeiteeieeeteeteesteenseesaaeenseessseeseesaseens 67
5. Ton Conducting Hydrogel...........ccoeiievverincvnrcsssnrcssnicssencssssncsssescssssssssssssssseses 70
5.1 INtrodUCHION....uuciieeciueiieecirenstecsnenssnncssesssnessansssnssssesssassssessssssssssssassssessassssssnss 70
5.2 RESUILS ceeeuuirieeirnensnensunissnecsnensnncssesssnssssesssnssssessssssssesssnssssesssassssssssassssessassssassns 74
5.3 CONCIUSION cuuceueeireeeisneinnecsnensnncssenssnncssessnessaessnssssesssassssessssssssssssassssesssssssassss 920
5.4 EXPeriments SECtiON ....cccueeeerverecssrressssncssssnessssnossssrossssnsssssscsssssssssssssssssssssssssns 91

6. Electrophoretic Delivery of ions and biomolecules with bioelectronic devices
94

il



6.1 Delivery of Acetylcholine by polyelectrolyte hydrogel.............cccecereeuurennes 94

6.2 ChIoride PUMP ....ueeeeveiieiserinssnnenssnnissssnesssnessssnessssssssssnssssssssssssssssssssssssssssssses 107
6.2.1 INtrOAUCTION.......coiiiieiiiiiiee ettt et e s e s aaaeeeeee e 107
6.2.2 CI" t0 €lectron tranSAUCET .....c.c.evviiiieiiiieeieiieeee ettt eeee e 109
6.2.3 Kinetics of the conversion between Ag and AgCl........c.cccoeviieiennnnen. 113
6.2.4 Chloride modulator With CElIIS..........coovvivvuiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 120
6.2.5 CONCIUSION ..oooeiiiiiiiiiiiieee ettt e e et e e e e s e s aaaeeeeeeeeas 125
6.2.6 EXPEriment SECHIOMN. .......eeiuiieiieiieeieeriieeiiesite et eieeeiee e eeeeseaeeaeeseneeneees 126

6.3 FOUr-i0On PUIMP ..cuueriervniiiisnricssnnisssnncssssnessssossssnesssssossssssssssssssssssssssssssssssssssssss 132
6.3.1. INtrOAUCTION ..ottt e e s aeeeee e e 132
6.3.2. Result and DISCUSSION .......ooeeuvviiiieiiiieeieeeiieeee et seaaeeeee e 134
6.3.3 CONCIUSION ...oooiiiiiiiiiiieee ettt e e e e e e s aateeeeeeeas 141
6.2.4 EXPEriment SECTION: ......eevuieeiieriieeiieeiieeiieeieeeieeeieeeteeseeeeeeeeaeeseeseneeneeas 142

T OULIOOK cceeeeeeeeeeeeeeeeeeeeeneeeeeeeeeeenesesesesssessessesesesssesesesssssesesssssssssssessssssssssssssssssssss 147
8. RELEICIICE ..ueeeeeeeeeeeeeeeeeeeereeeeeeeeeeenesesesesesesesesesesesesesesssssssesesssssesesssssssssssssssssssssssees 149

v



Table of Figure

Figure 1 Comparison of Young’s moduli and ion conductivity of cell/tissue and
materials commonly used at the bioelectronics interface. Metals are much stiffer than
cells and tissue; polymers are relatively softer and can be ion-conducting, which is a
critical property for electron-to-ion signal conversion at the interface; hydrogels have
similar Young’s modulus as cells and tissue and are ion conductors. ...........ccccecuenneene 2

Figure 2 lontronic components and applications. The basic OEIP structure for a)
selective cation transport and b) selective anion transport. Ionic bipolar membrane
diodes with c) lateral junction and d) stacked junction; zoom shows accumulation and
depletion of the BM junction in forward and reverse bias. €) npn-IBJT in forward bias.
f) pnp-IBJT with a neutral junction; zoom shows accumulation and depletion of the
neutral junction in forward and reverse bias. g) Collection of iontronic components in
applied systems, including from left to right the bioelectronic neural pixel,36 fast
vertical release devices, and freestanding OEIPs. Varying chemical stimulation gives
varying cellular response that can be monitored externally or internally by, for
example, optical read-out or electrical sensing.?* ..............cccovvvveiveeeeeeeeeeeee e, 4

Figure 3 (A) Grotthuss mechanism for the conduction of H" as hydronium ion along
proton wires. (B) An equivalent mechanism for OH™ conductivity as proton hole
AlONZ PTOLON WITE. 1..eeeiiieiieiiiieiie ettt ettt ettt et e e teesateesbeesabeeseesaseesseessseensaesasaens 14

Figure 4 Energy diagram representation of conduction in hydrogen bonded proton
wire. (a) A wire with no H+ or OH- defect does not conduct. (b) For an intrinsic
proton wire, the protochemical potential p (H+)HI is in the middle of the bandgap. (c)
An acid donates a H+ into the conduction band of a proton wire to yield a H+-type
protonic conductor. (d) A base accepts a H+ to create a OH- (proton hole) in the
valence band of a proton wire to yield a OH--type protonic conductor.320, with
PErmisSsion fTOM NALUTE. ......ccvieiiieiieeiierie ettt ettt ere et eebe e b e sneeeneeas 16

Figure 5 (a) Schematic showing setup for impedance spectroscopy on a hydrogel. The
gel is sandwiched in between two electrodes and upon applying an electrical signal,
electrical double layers are formed at both the electrodes. (b) Equivalent circuit for
the setup described in (a) where Ce represents the capacitance of the electrical double
layers, C represents the capacitance formed by the electrodes and R shows the
resistance of the bulk electrolyte, (c) Real and imaginary parts of the impedance
calculated using impedance SPECLIOSCOPY. ..vervierrierrreriierieeiienieeieesreeieesreeneeesaaens 18

Figure 6 (a) Given a negative potential, H' is first adsorbed onto the surface of Pd
(Pdags), then absorbed into the subsurface layer, Pdsus, and further diffuses into bulk
Pd to form PdHpuk. (b) Given a positive potential, H' is first released from the surface,
PdHags, then from the subsurface layer (Pdsus) to the surface (Pdags) and further
diffuses from PAHpulk. «veeverreereeriinieieeieeeeeee e 19



Figure 7 The keratan sulfate.(A) Chemical structure of KS. (B) An illustration of a
three-monomer segment of KS. Possible intra- and inter-molecular hydrogen bonds as
well as the hydrogen bonds between the water of hydration and the polar parts of the
molecule form a continuous network comprised by hydrogen-bond chains. The
sulfate group interacts with the hydrogen-bond network and forms an H3O0+
(Y ArONTUM) 10N, ..eoutiiiiieiiecieeieeee ettt ettt e s e et esabeesbeessneensaesaneens 24

Figure 8 Proton conduction measurement of KS. A) Palladium hydride (PdHx)
electrode behavior. Under a VSD, PdHx source split into Pd, H', and e”. Protons are
injected into the KS, whereas electrons travel through external circuitry and are
measured. B) TLM geometry. Varying the distance between source and drain (LSD)
distinguishes between the fixed PdHx — KS interface contact resistance and the
varying bulk resistance. C) Optical image of TLM geometry with hydrated KS on the
surface. Scale bar, 500 pm. D) Transient response to a 1V bias in KS at 75%, 90%,
90% H2 RH, in which the current under 90% with hydrogen is much higher than that
under 90% RH without hydrogen. E) Deuterium current (black) at 90% D2 humidity
is lower than proton current (red). F) The normalized resistance RLN as a function of
LSD, A linear fit gives a bulk material proton conductivity of 0.50 +0.11 mS c¢cm™. 27

Figure 9 Current under different RH of GAGs family: (a) hyaluronic acid, (b) heparan
sulfate, (c) chondroitin sulfate A and (d) dermatan sulfate. The current under 90%RH
with hydrogen is much higher than 90%RH without hydrogen. ............ccccccevienneene. 30

Figure 10 Kinetic isotope effect in members of GAGs family: (a) hyaluronic acid, (b)
heparan sulfate, (c) chondroitin sulfate A and (d) dermatan sulfate. Current measured
in a 5% deuterium (black) atmosphere at 90%RH vs a 5% proton atmosphere at
Q0Y0RH (T€A). .ttt ettt sttt st 31

Figure 11 Control experiments on Nafion. Conductivity of Nafion measured with this
TLM device is 58.3 £ 2.5 mS cm-1. It’s slightly lower than the literature value of 78
mS cm-1, which is attributed to sample preparation. The reported literature value is
after immersion in heated sulfuric acid, while the sample here was simply drop-cast
O SOIULION. ....ouiiiiiiiiiccccc e e 33

Figure 12 Anatomy of Ampullae of Lorenzini (AoL)(A) An image showing a type of
chimaera called a spotted ratfish (Hydrolagus colliei). Yellow arrowheads delineate
the locations of some AoL pores. Image taken by Mick Otten.(B) A diagram showing
three AoL below the skin surface. Pores lead into canals filled with a gel (as made
visible by the cutaway). Neurons (yellow) synapse with specialized electrosensory
cells in the alveoli and project onto the hindbrain. ...........ccccoceviiniiiiniiniiiieeee, 37

Figure 13 Proton conductivity of H. colliei AoL gel before and after proteinase K
digestion. Two-terminal device used for EIS measurement. ..........cccccoceeverrieniennennne. 41

vi



Figure 14 Nyquist plots of native AoL gel (blue) and digested AoL gel (black) at 90%
1latiVe NUMIAILY. ..eoviiiiiiiieeiiee e ettt e beessaeeaeees 41

Figure 15 Equivalent circuit model. A constant phase element (CPE) was used to
describe the nonideal interface capacitance; Rb and Cb represent the resistance and
capacitance of the sample, TeSPECHIVELY. ...ccveviieiiiiiieieeieeeee e 42

Figure 16 Nyquist plots of native H. colliei AoL gel (D) and proteinase-K-digested H.
colliei AoL gel (E) in the presence of H20 vapor (black) and D20 vapor (red). ...... 42

Figure 17 Design concept and strategy for the synthesis of single-crystalline
polycationic polymers. (a) Schematic diagram for the preparation of polymer crystals
from the crystallization of preorganized monomers, followed by the topochemical
photopolymerization. (b) The unfavorable self-repulsive interaction in a parallel
manner. (¢) The self-complementary interactions facilitate the proximity of two
reactive sites in an antiparallel manner. (d) Structural formula of the monomer. (e)
Scheme for photopOlyMEriZation. ..........c.cccvieriiieiiieriieeiiete e 50

Figure 18 Nyquist plots showing the impedance of the polymer at 298 K with varying
relative humidity (RH) between 0.1 MHz and 0.1 Hz. The Nyquist plots of 50%-90%
RH are also shown in Figure S34 in detail. (¢) The dependence of the proton
conductivity of the polymer on the RH. (f) A snapshot of water chains in the 1D
channels of the simulated structure. H2O molecules are illustrated as space-filling
representations, while the organic fragments and BF4— counterions are shown as
surface Model rePreSeNtationsS. .........ccueeriieriieriieiie ettt etee e e e eeee e ens 52

Figure 19 Two-terminal device used for EIS measurement. The two-terminal devices
used in EIS measurements were fabricated on glass. Prior to device fabrication, the
substrates were cleaned by sequential sonication in Me2CO and iPrOH. Then, a 10
nm Titanium adhesion layer overlaid with a 100 nm gold was electron-beam
evaporated onto the clean substrates through a shadow mask. The dimensions of the
paired electrodes were 2.5 cm wide by 2.0 cm long with an inter-electrode separation
of 50 um. The devices were completed by dropping cast the bulk polymer powders
suspended in MeCN solution directly onto the electrode patterns, and the resulting
films were allowed to dry in air overnight............cooceeviiiiiienieniiiieceeee e, 52

Figure 20 Equivalent circuit model used to fit the impedance data. A Constant Phase
Element (CPE) was used to describe the non-ideal interface capacitance, Rb and Cb
represent the resistance and capacitance of the sample, respectively.............cc.......... 53

Figure 21 Nyquist plots showing the impedance of the polymer between 0.1 MHz—0.1
Hz at 298 K with varying RH. Zoom-in of Figure 18. ........ccccooviniiiiniiniiiiieene, 54

Figure 22 Kinetic isotope effect of the polymer at 90% RH. A Nyquist plot for the
polymer-bridged two-terminal device in the presence of water vapour (black) and in

vii



the presence of deuterium oxide vapour (red). The conductivity calculated from the
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Manping Jia

Ion Conducting Materials and Devices for Bioelectronics

Abstract

Bioelectronics is an interdisciplinary field of materials science, electrical engineering,
and biotechnology for the application of diagnosis and therapies in the healthcare
industry. Owing to dissimilarities between soft, and wet living biological tissues and
rigid, dry electronic devices at the human-machine interface, the development of
more compatible materials and devices is a daunting challenge. lontronics is a
subdiscipline field that uses ions and biomolecules as the signal carrier to transfer
information with biological systems, enabling direct and precise manipulation of
physiological processes. They have been reported to trigger cell polarization status in
vitro, controlling epileptiform activity in brain slice models, affecting sensory
function in vivo, suppressing pain sensation in awake animals, and even modulating
plant physiology. The core of iontronic devices is ion conducting materials that allow
ions and biomolecules to move, such as polymers and hydrogels. The ion conducting
materials also have the benefits of alleviating the mechanical mismatch between
biological tissues and devices due to the low Young’s modulus. However, they
haven’t obtained enough attention, and systematic study is absent.

This work showed representative examples of ion conducting materials, including
biomaterials, single-crystal polymers, and nanotubes, and their ionic conductivity

characterization using two major methods. Moreover, a systematic study on
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polyelectrolyte hydrogel is presented with a novel method. The delivery of a large
biomolecule, acetylcholine, is demonstrated with the optimized polyelectrolyte
hydrogel. Additionally, I explored the design, fabrication, and implementation of
bioelectronic devices that can deliver anions and even multiple ions with a single
device. These results contribute to the iontronics field by broadening the knowledge
of ion conducting materials and inspiring new device design for more complicated

biological processes.
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INTRODUCTION

1. Bioelectronics

Bioelectronics merges electronic devices and biological systems by sensing and
controlling biological processes.!”* The experiments from Galvani in the 1780s can be
considered as the birth of bioelectronics. Galvani showed that connecting frog legs
with metal electrodes resulted in the contraction of the muscles.* These early
experiments inspired many more aimed at understanding the role of electricity in
biological processes. Since the discovery of the action potential in 1843,° electrical
stimulation has developed into a therapy with devices. Examples of bioelectronics
include cardiac pacemakers and brain implants to manage arrhythmia, epilepsy, and
Parkinson’s; devices to stimulating the vagus nerve for the treatment of inflammation;
and cochlear implants to restore auditory functions.® 7 Clinical applications of
neuronal and cardiac stimulation have alleviated the pain of millions of people
suffering from epilepsy, Alzheimer disease and other dementia, Parkinson’s disease,
depression, and many other diseases from aberrant neural behavior, as well as
cerebrovascular diseases and infections.® Compared to traditional pharmaceutical
methods, bioelectronics devices are able to provide personalized therapeutic treatment
and localized intervention.” !°

Bioelectronics bridges electronic devices and biological systems to monitor and
control biological processes.> The bioelectronic devices have made remarkable

advances with room for improvement in long-term stability due to the mechanical



mismatch between rigid electronics and soft tissues and the non-specificity of
electrical stimuli with respect to the many ions and small molecules that carry
information in our bodies.!! The mechanical mismatch between tissue and
bioelectronics devices is a widely discuss topic.'> The Young’s moduli of the two are
mismatched by several orders of magnitude and result in severe foreign body reaction
and tissue damage (Figure 1).!3 In addition, electricity in biological systems is carried
mostly by ions not electrons. These ions have much higher conductivity in water-rich
biological environment compared to electrons and holes. To this end, much research
has emerged in soft and ion-conducting materials to mitigate the mismatch in
mechanical properties and the need for electron to ion conversion at the bioelectronic
interface, including conducting polymers, carbon-based nanomaterials, as well as ion-

conducting polymers and hydrogels.'* > 16

lon-Conducting

Polymers

Pa KPa MPa GPa

Young’s Modulus

Figure 1 Comparison of Young’s moduli and ion conductivity of cell/tissue and

materials commonly used at the bioelectronics interface. Metals are much stiffer than



cells and tissue; polymers are relatively softer and can be ion-conducting, which is a
critical property for electron-to-ion signal conversion at the interface; hydrogels

have similar Young’s modulus as cells and tissue and are ion conductors.

Iontronic devices generate, stores, and transmits signals via the concentration,
depletion, flow, as well as spatial and temporal distribution of ions.!” These iontronic
circuits behave analogous to traditional electronics, and allow for the development of
fully chemical systems generating complex signal patterns at high spatiotemporal
resolution and biochemical specificity. Examples include organic electrochemical
transistors (OECTSs),!® organic field-effect transistors (OFETs),!” organic electronic
ion pump (OEIPs),?° ionic diodes,?! bipolar membrane junctions.?? Cations and
anions are similar to electrons and holes in conventional electrical devices, and need
to be independently handled in iontronic devices. For this purpose, the most widely
employed ionic conducting materials are polyelectrolyte that either selectively

permeable to cations or anions.?’
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Figure 2 lontronic components and applications. The basic OEIP structure for a)
selective cation transport and b) selective anion transport. lonic bipolar membrane
diodes with c) lateral junction and d) stacked junction; zoom shows accumulation and
depletion of the BM junction in forward and reverse bias. e) npn-IBJT in forward
bias. f) pnp-IBJT with a neutral junction; zoom shows accumulation and depletion of
the neutral junction in forward and reverse bias. g) Collection of iontronic
components in applied systems, including from left to right the bioelectronic neural
pixel,36 fast vertical release devices, and freestanding OEIPs. Varying chemical
stimulation gives varying cellular response that can be monitored externally or

internally by, for example, optical read-out or electrical sensing.**



Among these iontronic devices, OEIPs are designed to deliver charged ions and
biomolecules with high spatiotemporal resolution and dosage precision (one electron
per delivered monovalent ion).?> OEIP is an ionic resistor that connects the reservoir
and target electrolytes. By applying an external electrical field, charged species are
driven from the reservoir to the target through the ionic resistor. In recent years,
OEIPs have been reported to deliver H", K*, Ca™, GABA, which enabled triggering
cell polarization status in vitro,® controlling epileptiform activity in brain slice
models,?¢ affecting sensory function in vivo,?” suppressing pain sensation in awake
animals,”® and even modulating plant physiology.?’

The traditional iontronic device are made of polymer-based ion-exchange membranes,
such as over-oxidized PEDOT:PSS. More recently, polyelectrolyte hydrogels based
iontronic devices have shown lots of advantages operating in aqueous media, such as
better mechanical compatibility with tissues, biocompatibility, biodegradability, and
permeability to larger biomolecules such as neurotransmitters. Hydrogels have been
reported to be used in ionic diodes,’ field effect transistors (FETs),*! and ion pumps.
For example, Seitanidou et.al designed an organic electronic ion pump (OEIP) based
on glass capillary fibers filled with an ion exchange gel in the capillary “ion
channel”.?® A polycation, poly[2-(acryloyloxy) ethyl] trimethylammonium chloride
(poly-AETMAC) was cross-linked with polyethylene glycol to create the gel used in
the capillary. The OEIP was used to deliver acetylsalicylic acid and salicylic acid.
Being able to pattern hydrogels within a capillary created easily implantable devices

that could perform localized delivery at the target precisely. The same group also

5



developed capillary fiber OEIPs with an AMPSA (2-acrylamido-2-methylpropane
sulfonic acid)-PEGDA (polyethylene glycol diacrylate) based hydrogel that were able

to deliver protons, potassium ions and acetylcholine.??



2. Materials in bioelectronic devices

2.1 Metals and metal nanoparticles
Metal electrodes are the most commonly used in medical devices.®* Platinum,**

37

old,*® iridium,*® and platinum-iridium®’ serve as microelectrodes in deep brain
9 9

38 and retinal implants.’®> *° These noble metals are

stimulation, cochlear implants,
electrochemically stable, corrosion resistant, and have low reactivity in the complex
biological environment.*! With the miniaturization of bioelectronic devices, precise
stimulation down to the single neuron level can be achieved with smaller
microelectrodes.*? Smaller metal electrodes require higher voltage to provide the
same amount of current and stimulation due to increased impedance and decreased

capacitance.!! 43

The electrolyte environment that surrounds cells and tissue is very
sensitive to voltage and damage to both the tissue and the electrode may occur above
a safe voltage threshold. This damage includes local heat, pH change, electrode
degradation, and the generation of highly reactive chemical species.** To lower the
impedance and reduce stimulation voltage, porous metal nanomaterials are used to
modify the metal substrate.*> Pt nanoparticles coated microelectrode arrays increase
the active surface area and lower the impedance of the interface by up to two order of
magnitudes.*® 47 Ideally, desirable coating materials should have: 1) low impedance
and effective charge injection, 2) electrochemical stability in physiological electrolyte,

3) good biocompatibility, 4) low Young’s modulus matching cells/tissue, 5)

compatibility with microfabrication.**



2.2 Conducting polymers and carbon materials
Hybrid materials that conduct both ions and electrons can create a seamless interface
between bioelectronic devices and biological systems.*® 4° This interface involves

50, 51

more efficient ion-to-electron conversion with low impedance in applications

such as drug delivery,* °% tissue regeneration,>® and neural recording and

stimulation.’* %>

Conducting polymers® °>7 and carbon materials®® >°
y

are commonly used as surface
coatings for metal electrodes. PEDOT:PSS, polypyrrole (PPy), polyaniline (PANi),
polythiophene and their derivatives have high conductivity, low cost, and good
biocompatibility with cells.®*-6? Similar to metal nanoparticles, conducting polymers
are deposited on metal electrodes with electrochemical polymerization that results in
a rough nanoscale surface topology. This topology has lower impedance and a high
surface area more conducive for cell attachment.®*%> Many excellent reviews with
additional examples exist on this topic.*? 66 ¢7

Carbon materials, especially Carbon Nanotubes (CNTs) and graphene, are another
type of popular surface coating because of their unique properties such as large aspect
ratio and excellent chemical and mechanical stability.®®7° The combination of CNTs
and graphene with conducting polymers "' 7? leads hybrid materials with an improved
bioelectronic interface.”® 7 For example, conducting polymers, like PEDOT, PPy ,
suffer from defects, delamination, and cracks during long-term stimulation.” Co-

deposited PPy/SWCNT coated electrodes have significantly better mechanical

stability.’”® In addition to the conductivity and stability of the electrodes, the adhesion



and close contact between cells and electrodes are also a critical prerequisite for good
communication between bioelectronics devices and tissue.”” To this end, bioactive
materials, such as proteins and peptides, are mixed with the conducting materials to

present to the cells a surface that induces adhesion and promotes proliferation.”® 7

2.3 Proton/lon Conducting Materials

Ions and biomolecules are the languages that biological systems use to transfer
signals in intracellular communication and organism function. As such, bioelectronic
devices that conduct ions and biomolecules rather than electrons and holes are
particularly suited for biological integration. In this scenario, ion conducting materials

are one of the most critical part.

Hydrogels:

Hydrogels are physically or chemically crosslinked natural or synthesized 3D
polymeric networks, which have the capacity to absorb a large amount of water (up to
thousands of times more than their dry weight).®-#2 Hydrogels are intrinsically ion-
conducting due to high water content that provides a good environment for ions to be
mobile, which matches the signal carriers in biological systemss.33-%% Water rich
property also imparts hydrogels low, tissue-like Young’s modulus and results in a
conformal interface with soft biological tissue.®® 87 The unique combination of ionic
conductivity, soft, elastic nature and optical transparency allows ion conducting
hydrogels to be widely used in developing bioelectronics. In the 1960s,

polyhydroxyethylmethacrylate (pPHEMA) hydrogel was developed as a material for
9



permanent contact with human tissue and it was first used in contact lenses.®® In the
past decades, hydrogels have been successfully used in many biological applications
such as extracellular matrix (ECM) for cell proliferation, tissue regeneration, artificial
skin, and wound dressings.? °° Recently, an increasing amount of research has
focused on using hydrogels as the interface between electronics devices and

91, 92

physiological electrolytes because of the intrinsic ionic conductivity. Moreover,

self-healing and self-adhesive hydrogels are ideal candidates for skin-attached
electronics.”-°

Over the past decade, hydrogels made from natural biomaterials have come to the
limelight because of their biocompatibility, hydrophilicity, and biodegradable
nature.”” Natural biomaterials are naturally derived materials, including
polynucleotides, polypeptides, and polysaccharides (hyaluronic acid, alginate,

chitosan, and cellulose).”® %

They are biocompatible, biodegradable and
environmentally friendly, naturally abundant, sustainable, and have multiple reactive
sites for chemical modification.!® They can mimic the chemical and physical
environments of an extracellular matrix thereby making them popular candidates for
creating scaffolds for drug delivery and tissue engineering applications.”® 1!

Although the majority of hydrogels are able to conduct ions because of their aqueous
environment, here we mainly discuss the hydrogels that have fixed charges in the
polymer network, polyelectrolyte hydrogels, because they have relatively high and

selective ionic conductivity because of the mobile counterions. The ionic conductivity

of polyelectrolyte hydrogels is affected by several parameters, such as water content,

10



charge carrier density and porosity. Water content depends on the ability of the
hydrogel to absorb water, also defined as water uptake or swelling ratio and it plays
an important role in affecting ionic conductivity.!? With an increase in water content,
the activation barrier for the ion transport is lowered and ionic dynamics are sped up.
103 Hydrogels with higher water content have higher ionic conductivity. More
discussion about charge carrier density and porosity is shown in the next section after

we introduce the ion transport mechanism.

This section is reproduced from?!.
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3. Ion Transport Mechanism

The history of ionic conductors can be traced back to the 1830s with the work of
Michael Faraday on solid electrolytes.!® The discovery of silver iodide and sodium
alumina in 1967 is considered the beginning of the solid-state ionic field.!%> 196
Around the same time, Dupont synthesized a polymer ionomer known as Nafion,
which is one of the best proton conductors. %7 Charge carriers in ionic conductors are
negatively charged (anions) or positively charged (cations).There can be multiple
ionic species with different charges, so the total conductivity of an ionic conductor is
given by the sum of the contributions of all of charge carriers (o = Y; Z;en;u;

Equation 1):'%

o = Y,; Z;en;u; Equation 1

o is the sum of the ionic conductivity contributed by each mobile ion (i), where Z; is
the absolute value of the ion charge, e is the fundamental charge, n; is the charge

carrier density, and p; is the mobility for each ion.

The ionic conductivity of a hydrogel is dependent on both the property of the ionic
conductor, such as the charge carrier density, and the property of the charged species,
such as their mobility. Charge carrier density can be defined as the total number of
fixed charges per unit volume of the network.!% 1% The assumption is that a hydrogel

will be charge neutral so a fixed charge in the polymer backbone will result in the

12



same amount of mobile charge that can contribute to the ionic conductivity. The
mobility (n) of different ions is dependent on the temperature of the system (T), the

diffusion coefficient (D), charge of the ion (q), and the Boltzmann constant (Kg) as

. D .
shown in p = ﬁ Equation 2.
B

= Dba i
K= 0T Equation 2

c=n>L Equation 3
kpT
In a porous network, the diffusion coefficient of ions is smaller than the diffusion

coefficient for the same ion in water and needs to be adjusted for the size and

topography of the pores as shown inD, ¢y = DOS Equation 4: 1> 112

Desr = DOS Equation 4

where D is effective diffusion coefficient in a porous network, Do is the diffusion
coefficient in liquid, € is the porosity, and t is the tortuosity, which describes the non-
linear path from one side of the membrane to the other.!'3 Tuning charge carrier
density, porosity, and tortuosity during hydrogel synthesis can optimize the ionic

conductivity of the hydrogel.
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Different from other ions, protons can follow a version of the mass diffusion, called
the vehicle mechanism.''* In the vehicle mechanism, H" diffuse in the form of
hydrated proton aggregates, such as the hydronium ion (H3O"), the Zundel ion
(HsO2"), and the Eigen ion (HoO4"), which move through aqueous channels as a
single entity.!!'* !> In hydrogen bonded systems, such as water, H" follow the
Grotthuss mechanism, which results in higher mobility.!'® In the Grotthuss
mechanism, H" move faster because they quickly transfer along a network of
hydrogen bonds- a proton wire!!’- via tunneling or hopping (Figure 3).!'® The
translocation of a proton along the proton wire creates a Bjerrum D orientation defect
in the water chain, which needs to rotate itself to accept another proton.!'® ' Thus
the dynamics in the Grotthuss mechanism are often referred to as “hop and turn”.
Similarly to the transfer of H', hydroxyl ions (OH") can also transfer along a proton

wire in the form of proton holes. 12
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Figure 3 (4) Grotthuss mechanism for the conduction of H as hydronium ion along
proton wires. (B) An equivalent mechanism for OH conductivity as proton hole

along proton wire.
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In this scenario, proton conduction can be qualitatively described using the same
description used for electrons and holes “hopping” in amorphous in semiconductors
with H" are distributed between a “valence band” and a “conduction band” (Figure 4).
Even when a proton is in the “conduction band”, it still needs to overcome a structure
dependent potential barrier, which is typically comparable to the energy required to
break a hydrogen bond (approximately 0.1 eV) in the second solvation shell.!20-122
Similarly to semiconductor, an intrinsic proton wire does not conduct until a H" and
OH- pair is created. The energy required to create H+ and OH- pair in the proton wire
is derived from the Gibbs Helmholtz equation and the dissociation constant of water
(Kvw) as:
Egop = AGY = —kpTInkK,, = 0.83 eV Equation 5

This value is similar to the activation energy measured in proton conducting
biopolymers.'?* To increase the conductivity of a proton wire, H" and OH- dopants
can be added with acidic and basic functionalities in the hydrogen bond network. In

this case, we can substitute K,, with K, (acid dissociation constant) or K (base

dissociation constant) to in Equation 5 to find the activation energy (Figure 4). 12412
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Figure 4 Energy diagram representation of conduction in hydrogen bonded proton
wire. (a) A wire with no H+ or OH- defect does not conduct. (b) For an intrinsic
proton wire, the protochemical potential u_(H+)HI is in the middle of the bandgap.
(c) An acid donates a H+ into the conduction band of a proton wire to yield a H+-
type protonic conductor. (d) A base accepts a H+ to create a OH- (proton hole) in the
valence band of a proton wire to yield a OH--type protonic conductor.320, with

permission from Nature.
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The ionic conductivity is important for bioelectronic devices that manipulate ions
directly, so the measurement is of great significance.

Electrochemical impedance spectroscopy is a popular technique to measure the ionic
conductivity by analyzing the electrical behavior of a material sandwiched between
two electrodes under applying an alternating electrical signal.!!® 26 When this
electrical signal is applied to the sample, periodically the negative and positive ions
accumulate at the respective electrodes forming a double layer (Figure 5a). Using
impedance spectroscopy, an equivalent circuit can be generated where C. represents
the capacitance of the electrical double layers, C is the capacitance formed by the
electrodes and the electrolyte and R represents the resistance of the bulk electrolyte
(Figure 5b). Figure 5c is a representation of one such result where they found that the
measured Nyquist plot was a semicircle, where the x-intercept of the curve gives the
electrolyte resistance and the diameter of the semicircle corresponds to the charge

transfer resistance at the electrode-electrolyte interface. 27
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Figure 5 (a) Schematic showing setup for impedance spectroscopy on a hydrogel. The
gel is sandwiched in between two electrodes and upon applying an electrical signal,
electrical double layers are formed at both the electrodes. (b) Equivalent circuit for
the setup described in (a) where Ce represents the capacitance of the electrical
double layers, C represents the capacitance formed by the electrodes and R shows the
resistance of the bulk electrolyte, (c) Real and imaginary parts of the impedance

calculated using impedance spectroscopy.

For protons, there is another method that can measure the conductivity. Most metals
are excellent contacts for ¢ but poor for H, so most investigations on proton
conduction use alternating current to avoid ion accumulation at the interface. The
couple Pd/PdHx can act as a H' to electron transducer and have been used in artificial
membranes containing ion channels, biohybrid photodetectors, the delivery of
biochemical stimuli, pH sensitive glucose sensing,!?® and precise control of pH using

5

machine learning.” Pd/PdHx is also a proton-transparent contact for DC

measurements of proton conducting materials.!?% 130

Pd has a strong affinity to
hydrogen and forms palladium hydride (PdHx) either by absorbing hydrogen from H»
gas or from H" in solution as a reversible hydrogen electrode in electrochemistry.

The incorporation of H" from solution into Pd is potential dependent and follows the
reversible reduction, H" + e <> H, at the Pd/PdHx - solution interface and the

subsequent physisorption of H onto Pd to form PdH..'*!' An electrical potential
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applied (V) on the Pd/PdHy contact shifts the reaction equilibrium and induces the
transfer of H" to or from the solution, which effectively controls [H'] in the solution
(Figure 6). In brief, when V< 0 and the contact is at a lower potential than the
solution, an H" in solution is adsorbed to the Pd/solution interface where it is reduced
to PdHags by an incoming e”. The PdHads subsequently absorbs into the Pd subsurface
to form PdHsus and finally diffuses into the bulk Pd to form PdHpux following the
concentration gradient.!3> The net result is the removal of an H* from the solution for
every e provided by the leads. This in turn lowers [H'] and increases pH. When V>0,
some of the H that is part of PdH.ds oxidizes at the Pd surface to form H" and
dissolves into solution with the e~ going into the electronic leads. The additional H* in

solution increases [H] and consequently decreases pH.

H* + Pd + & —» PdHads PdHads —» H*+Pd+e
Sl PdHads+Pdsubs—» Pd+PdHsubs S Pd+PdHsubs—» PdHads+Pdsubs

PdHsubs diHUSion PdHbuik PdHbuik diﬁuswn PdHsubs

Figure 6 (a) Given a negative potential, H" is first adsorbed onto the surface of Pd
(Pduas), then absorbed into the subsurface layer, Pdsys, and further diffuses into bulk

Pd to form PdHpur. (b) Given a positive potential, H' is first released from the

19



surface, PdHas, then from the subsurface layer (Pdsups) to the surface (Pds) and

further diffuses from PdHpui.

A more quantitative way to describe the H" transfer across the interface uses the
protochemical potential(p) because H* transfer does not only follow V, but is also
affected by pH of the solution.!*> We can define the difference in protochemical

potential between PdHx (1pgpy) and the solution ( W,y ) using Equation 6.

Hpan — Upu = €V + kBTln H;/Z Equation 6

where ap+ = activity of H' in solution with pH = —log an+, pu2 = hydrogen partial

pressure in the Pd, V = potential difference between Pd and solution.

When ppgy — ppy = €V + kBTln Equation 6 leads a positive value, H*

P
will transfer from the contact to the solution until equilibrium is reached. When it
leads a negative value, H" will transfer from the solution to the contact until
equilibrium is reached. In general, for solutions with low pH (high [H']) the transfer
of H" into the Pd will be favored vs transferring H* from the contact into the solution.
The opposite is true for solutions with high pH (low [H]).

We’ll show the examples of proton conductivity measurement using Pd/PdHx
contacts in the next section.

This section is reproduced from '3
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RESEARCH CONTRIBUTION

4. Measuring Proton Conductivity

4.1 Proton conductivity of Glycosaminoglycans

Proton conductivity is important in many natural phenomena including oxidative
phosphorylation in mitochondria and archaea, uncoupling membrane potentials by the
antibiotic Gramicidin, and proton actuated bioluminescence in dinoflagellate. In all of
these phenomena, the conduction of protons occurs along chains of hydrogen bonds
between water and hydrophilic residues. These chains of hydrogen bonds are also
present in many hydrated biopolymers and macromolecule including collagen, keratin,
chitosan, and various proteins such as reflectin. All of these materials are also proton
conductors.

Recently, our group has discovered that the jelly found in the Ampullae of Lorenzini-
shark’s electro-sensing organs- is the highest naturally occurring proton conducting
substance. The jelly has a complex composition, but we proposed that the
conductivity is due to the glycosaminoglycan keratan sulfate (KS). Here we measure
the proton conductivity of hydrated keratan sulfate purified from Bovine Cornea.
PdH, contacts at 0.50 = 0.11 mS c¢m!, which is consistent to that of Ampullae of
Lorenzini jelly at 2 = 1 mS ¢m L. Proton conductivity, albeit with lower values, is
also shared by other glycosaminoglycans with similar chemical structures including

dermatan sulfate, chondroitin sulfate A, heparan sulfate, and hyaluronic acid. This
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observation supports the relationship between proton conductivity and the chemical

structure of biopolymers.

4.1.1 Introduction
Proton (H") conductivity is important in many natural phenomena'** including

oxidative phosphorylation in mitochondria and archaea,!3> 136

uncoupling membrane
potentials by the antibiotic Gramicidin!*’, and proton actuated bioluminescence in
dinoflagellate!*®. In all of these phenomena, the conduction of H* occurs along chains
of hydrogen bonds between water and hydrophilic residues. These chains are often
referred to as proton wires.!*” This conduction follows the Grotthuss mechanism in
which a hydrogen bond is exchanged with a covalent bond contributing to the
effective transfer of an H" from a molecule to its next-door neighbor'#°. Following
this mechanism, proton conductivity in hydrated biopolymers and macromolecules is
widespread including collagen'#!, keratin'4?, chitosan'4}, melanin'#*, peptides'®!, and

146, 147 "In addition to

various proteins such as bovine serum albumin!4 and reflectin
the ability to support proton wires, typically these materials include an acid or a base
group that serve as H" or OH dopants and provide charge carriers for proton
conductivity 43-15° Following this trend, for example, the synthetic polymer Nafion,
with a high proton conductivity of 78 mS cm!, contains very strong acid groups that
donate H' to the water of hydration for proton conduction !,

Our group has recently demonstrated that the jelly contained in the ampullae of

Lorenzini, the electrosensing organ of sharks and skates, is the highest naturally

occurring proton conductor'>2, We proposed that keratan sulfate (KS), a
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glycosaminoglycan (GAG), was the material responsible for proton conductivity due
to its similar chemical structure to other known proton conductors such as chitosan,
and the ability to form many hydrogen bonds with water when hydrated (Figure
7A)133 154 Given that it is difficult to purify KS from the shark jelly due to small
amounts of sample per organism, we set to explore KS from different sources that
were available to perform these measurements. Here, we have measured the proton
conductivity of KS derived from bovine cornea !> !¢ and other GAGs using Pd
based proton conducting devices 43,

GAGs are long, linear, hydrophilic biopolymers composed of repeating of
disaccharide units with many acidic groups that may support the presence of proton
wires (Figure 7B) that transport protons through the Grotthuss mechanism '*’. Among
these are hyaluronic acid (HA), heparan sulfate (HS), chondroitin sulfate A (CSA),
dermatan sulfate (DS), and KS'5% 15 Additionally, GAGs have important biological
functions in regulating hydration and water homeostasis of tissues, which is derived
from their ability to absorb very large amounts of water at high humidity!¢°. They are

1

also implicated in many fundamental operations such as cell patterning 6!, cell

signaling, and regulation'®2,
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Figure 7 The keratan sulfate.(A) Chemical structure of KS. (B) An illustration of a
three-monomer segment of KS. Possible intra- and inter-molecular hydrogen bonds
as well as the hydrogen bonds between the water of hydration and the polar parts of
the molecule form a continuous network comprised by hydrogen-bond chains. The
sulfate group interacts with the hydrogen-bond network and forms an H30+

(hydronium) ion.

4.1.2 Materials and Methods

Materials. Glycosaminoglycan samples were received from the Linhardt laboratory at
Rensselaer University and stored dry at -15C. Including, 70% pure CSA isolated
from bovine trachea (average MW: 20kDa), HA sodium salt from streptococcus
zooepidemicus (average MW: 100kDa), DS from porcine intestinal mucosa (average
MW: 30kDa), HS (porcine intestinal mucosa (average MW: 14.8kDa), and KS
isolated from the bovine cornea (average MW: 14.3kDa) a biochemical description of

the KS can be found at Weyers et al.!>®,
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Device Fabrication. Two-terminal measurements were performed on Si substrates
with a 0.1pm SiO» layer. Conventional photolithography was used to pattern 0.1um
thick Au and Pd contacts. Pd contacts were 500 um wide and separated by different
channel lengths, Lsp= 5, 10, 20, 50, 100, 200, 500 um. We performed both two
terminal device measurements and transmission line measurements (TLM) to reduce
the influence of contact resistance on the conductivity 44,

Deposition of Glycosaminoglycans. All lyophilized samples were rehydrated in DI

water (pH 6.7) at a concentration of 0.15 — 0.2 mg ul! and drop casted onto the
devices. The samples were the dehydrated into a film with dry nitrogen gas flow.

Proton Conductivity Measurements. Direct current—resistance measurements were

performed using a Keithley 4200 source-meter and a two-contact probe station
arrangement on devices. The devices were enclosed in an environmental chamber at
room temperature in an atmosphere of nitrogen or hydrogen with controlled relative
humidity (RH). We controlled RH by bubbling gases through a bubbler containing DI
water at pH 6.7. Hydrated in sequence from dry to 75%RH in N2, 90%RH in N2, 90%
RH in a mixture of 95% N> with 5% hydrogen, and 90% RH in a mixture of 95% N>
with 5% deuterium gas to form PdHx or PdDx contacts. A one-hour incubation period
was carried out after switching between humidity and gas compositions. During the
measurement, the Pd/PdHy electrodes were contacted with tungsten probes. When we
applied a source-drain potential difference, Vsp, the PdHx source injected protons (H")

into drain through the samples, inducing measurable electrical current in the circuit.
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4.1.3 Results and Discussion

Proton Conductivity Measurements. Palladium (Pd) devices are useful for studying

proton transport in materials due to the nature of Pd to reversibly form palladium
hydride (PdHx)'®-1%, Several mechanisms for the formation of PdHx are known
(Equations 7-10).

H, + Pd - 2PdH,;; Equation 7

Equation 7 describes the adsorption and splitting of H> molecules into two adsorbed
H on the Pd metal surface without electron transfer in a reaction described by Tafel
kinetics.

H, + Pd - PdH,;s + H* + e~ Equation 8

Equation 8 is the Heyrovsky reaction in which a H> is split into an adsorbed H atom

and a H*, e pair at the Pd surface, this e is transferred into the metal.

H* + Pd + e~ < PdH,4; Equation 9

The Volmer reaction in Equation 9 describes a third mechanism, which involves an
electron transfer to a H™ near the Pd surface allowing it to adsorb as PdHags. Once
PdH.gs is formed on the metal surface, H can diffuse into the subsurface bulk forming

PdH; (eq. 4). 133 143,167,

PdH,;; < PdH, Equation 10
26



Pd devices were designed such that PdHx formation occurs spontaneously by
Equation 7 in a 5% Hz atmosphere on two Pd contacts. These Pd/PdHx contacts are
separated by a channel consisting of a GAG film which completes the circuit (Figure
8). A voltage Vsp between the Pd/PdHx contacts induces a current of H' to exit one
Pd contact, travel through the film channel, and enter the second Pd contact according
to Equation 10. In this manner, one ¢ travels through the circuit and is recorded as I4
for each H" that is conducted through the channel. Considering the conductivity of the
GAG films is expected to be much less than the conductivity of electrons in
electrodes, the current that we measure during the experiments is indicative of the

conductivity of the channel.

PdH «>Pd + H* + e

@
3
3
S

Current (A)
Current (A)
8 8
s g

N
3
S
S

0 20 40 60 80 0.0 20x10°  4.0x107
Time (s) Time (s) Lg, (cm)

Figure 8 Proton conduction measurement of KS. A) Palladium hydride (PdHx)
electrode behavior. Under a VSD, PdHx source split into Pd, H', and e". Protons are

injected into the KS, whereas electrons travel through external circuitry and are
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measured. B) TLM geometry. Varying the distance between source and drain (LSD)
distinguishes between the fixed PdH. — KS interface contact resistance and the
varying bulk resistance. C) Optical image of TLM geometry with hydrated KS on the
surface. Scale bar, 500 um. D) Transient response to a 1V bias in KS at 75%, 90%,
90% H?2 RH, in which the current under 90% with hydrogen is much higher than that
under 90% RH without hydrogen. E) Deuterium current (black) at 90% D2 humidity
is lower than proton current (red). F) The normalized resistance RLN as a function

of LSD, A linear fit gives a bulk material proton conductivity of 0.50 = 0.11 mS cm™.

After deposited directly onto the transmission line measurement (TLM) (Figure 8C)
device surface without further processing, the KS film is thick, viscous, and optically
transparent. After one hour of incubating at 50%RH, the KS film dries to a non-
homogenous film. The film rehydrates fully after incubating at 90%RH for one hour
and appears as wet as when it was drop-cast form solution (Figure 8C). This high-
water content of KS films is a result of sulfate groups functionalizing either or both of
the galactose and N-acetyl glucosamine sugars which make up the repeating
disaccharide unit of the GAGs. Considering the other members of GAGs family, DS,
HS, CSA, and HA also contain an abundance of repeating acidic groups which may

stabilize proton wires, as shown in Table 1.

Table 1 Glycosaminoglycan chemical structures, Pka and conductivity (o) estimated
with TLM devices
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Materials Chemical structure Pka c (mS orLm (mS

cm) cm™)
Keratan 2168 0.015  0.50=+0.11
Sulfate |
Dermatan L 1.9169 0.030 -
Sulfate Tﬂ%%\
Heparan R - S Sy - 0.012 -
Sulfate
Hyaluronic f&y@ 3.0170 0.012 0.28 £ 0.06
ACid h " :< s
Chondroitin L 1.5-27" 0.013 -
Sulfate A T&M

With Vsp =1V on the Pd devices, we measured the drain current (Ip) of KS, as shown
in Figure 8D. First, at 75% RH in No, Ip (~ 0.5 nA) is small (black in Figure 8D).
With the RH increased to 90% in N, the increase in Ip was negligible (red in Figure
8D). However, after we changed the gas to 95%N> + 5%Ho>, the Ip increased more
than 300 times to 155 nA (green in Figure 8D). The same measurements were
performed with DS, HS, CSA, and HA family and followed similar trends (Figure 9).
All GAGs displayed an increased current upon a 90%RH (5%H>) atmosphere
compared to a 90%RH N atmosphere, indicating that protons predominately

contribute to the conductivity of GAGs materials at high relative humidity.
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Figure 9 Current under different RH of GAGs family: (a) hyaluronic acid, (b)
heparan sulfate, (c) chondroitin sulfate A and (d) dermatan sulfate. The current under

90%RH with hydrogen is much higher than 90%RH without hydrogen.

Kinetic isotope effect. To further test whether KS conductivity predominantly arises
from protons, we investigated the kinetic isotope effect. Measurements were repeated
while hydrating the sample with deuterium oxide (D,O) instead of water and
exposing the sample to deuterium gas rather than H». Like protons, deuterium ions
(D") can transport along proton wires and hydrated materials, albeit with a lower
mobility and an associated lower current due to the higher molecular weight and

higher binding energy during H-bonding!”?. The kinetic isotope effect in KS is
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evident as a drop in the conductivity when deuterium replaces hydrogen as the atom
being transported (Figure 8E). Here, we observe a 15% drop in current when
deuterium replaces hydrogen. The kinetic isotope effect observed with KS is
relatively small. However, a similar small kinetic isotope effect was observed for the
proton conduction of bovine serum albumin'#®. The other members in GAGs family
display a larger kinetic isotope effect, the current drop is nearly 50% (Figure 10). The
divergence of the KIE between the KS films and the other GAGs may be due to
regions different transport regimes for H" in KS films. Where the binding energy
plays a big role in H-bond mediated transport by the Grotthuss mechanism it will not

be as noticeable by regions of bulk diffusion.
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Figure 10 Kinetic isotope effect in members of GAGs family: (a) hyaluronic acid, (b)

heparan sulfate, (c) chondroitin sulfate A and (d) dermatan sulfate. Current
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measured in a 5% deuterium (black) atmosphere at 90%RH vs a 5% proton

atmosphere at 90%RH (red).

TLM devices are designed with different lengths between the Pd source and the drain
contacts to eliminate the effect of contact resistance in the measurements of the
proton conductivity (Figure 8B) 2. We applied Vsp = 1 V on devices with Lsp
ranging from 5 to 500 um, measured Ip, and calculated the resistance of each device,
Rr. In this geometry, Ry increases linearly with Lsp, but the contact resistance, Rc, at
the source—KS and drain—KS interface is constant. Considering that different devices
contained KS with different thicknesses, we multiplied Ry by the sample thickness to
get the normalized resistance, Rin. The slope of the plot of Rin as a function of Lsp is
proportional to the resistivity of KS, and the intercept on the Rin axis for Lsp = 0 is
Ren (Figure 8F). Here, we obtain ¢ = 0.50 + 0.11 mS cm’!, which is only one order of
magnitude lower than the proton conductivity of Nafion ¢ = 58.3 + 2.5 mS cm™! !>
measured in the same geometry (Figure 11). The proton conductivity of the Nafion
control sample (58.3 + 2.5 mS ¢m'!') measured in a TLM geometry is extremely close
to the reported value of 78 mS c¢cm™.!1>! Therefore, we conclude that ¢ = 0.50 = 0.11
mS cm’! measured in this way is a good indicator of the proton conductivity of KS.
Table 1 shows the proton conductivity of Nafion and known biopolymers, and KS

performs well among them.
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Figure 11 Control experiments on Nafion. Conductivity of Nafion measured with this
TLM device is 58.3 = 2.5 mS cm-1. It’s slightly lower than the literature value of 78
mS cm-1, which is attributed to sample preparation. The reported literature value is
after immersion in heated sulfuric acid, while the sample here was simply drop-cast

from solution.

Table 2 Room-temperature proton conductivities of Nafion and known biopolymers.

Conductivity
Materials Ref
(mS cm™)

Nafion 78 151

AoL jelly 2+1 152
Keratan Sulfate 0.50+0.11 This work

Maleic Chitosan 0.7 173

Reflectin 0.1 146

Bovine Serum Albumin 0.05 145
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Melanin 0.02 144

Out of the other GAG films measured and reported in Table 2. Hyularonic acid has
the highest conductivity 0.28 + 0.06 mS c¢cm. However, some of the other GAGs
materials, such as dermatan sulfate, did not form a homogeneous film and it was not
possible to measure the conductivity using the TLM geometry. The conductivity
reported with the two terminal geometry also contains contact resistance and
therefore it is lower as expected. Within experimental error, we did not observe any
variation in conductivity with variation in pKa of the acidic groups. It is difficult to
relate the concentration of H* in these hydrated states because pKa is determined in
infinite dilution. We assume that we are hydrating the films with water at neutral pH,
then we expect the vast majority of the sulfonate acidic groups on the GAGs to

become ionized independent of their individual variation in pKa.

4.1.4 Conclusions

Inspired by the high conductivity in the jelly of the ampullae of Lorenzini, we
measured the proton conductivity of KS and other glycosaminoglicans with similar
chemical structures. Using TLM devices at room temperature, we measured the

proton conductivities of 0.50 = 0.11 mS cm™ at 90% RH (5%H,) for KS, which is

near to that of ampullae of Lorenzini jelly (2 = 1 mS cm'). This result supports the
claim that KS is a factor in the high proton conductivity of the ampullae of Lorenzini

jelly. We leave open the possibility that other materials in the ampullae of Lorenzini
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jelly and organization of the KS chains may play additional roles well. We have also
measured the proton conductivity of other GAGs including HS, DS, CSA and HA.
Their conductivity is lower, but comparable with KS suggesting that proton
conductivity is a common property of GAGs with acidic groups upon hydration. In
the future, chemical modification of GAGs with precise patterns of acidic groups may

provide further insights in this conjecture.

Section 4.1 is reproduced from'”*,
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4.2 Proton conductivity of the gel within the electrosensory organs of cartilaginous
fishes

Although recent studies have identified various components of AoL gel, it has
remained unclear how the molecules are structurally arranged and how their structure
influences the function of the organs. Here we describe the structure of AoL gel by
microscopy and small-angle X-ray scattering and infer that the material is colloidal in
nature. To assess the relative function of the gel’s protein constituents, we compared
the microscopic structure, X-ray scattering, and proton conductivity properties of the
gel before and after enzymatic digestion with a protease. We discovered that while
proteins were largely responsible for conferring the viscous nature of the gel, their
removal did not diminish proton conductivity. The findings lay the ground work for
more detailed studies into the specific interactions of molecules inside AoL gel at the

nanoscale.

4.2.1 Introduction

Electroreception, the ability of some animals to detect electric fields, is widespread
among vertebrates. Some of the most well-studied electroreceptive animals are rays,
skates, sharks, and chimaeras — cartilaginous fishes of the class Chondrichthyes.
These fishes use specialized electrosensory organs for the detection of low-frequency
electric fields from biological sources such as prey or mates, and even for navigating

using earth’s geomagnetic field.!”> 176 These electrosensory organs, called Ampullae
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of Lorenzini (AoL), are observable externally as small pores that are open to the
surrounding environment (Figure 12). In sharks and chimaeras, pores are most
concentrated on the snout and around the mouth, whereas in skates and rays, they are
more widespread across the ventral and dorsal surfaces of the animals.!”” AoL pores
lead into tubularcollagen-wrapped canals of varying lengths and diameters
(depending on species and location on the body) that are lined on the inside by two
layers of epithelial cells. At the distal end of each canal is a bulbous alveolus
containing electrosensory hair cells that synapse with neurons connected to the
medulla of the brain (Figure 12). Importantly, the organs are filled with a viscoelastic
gel that can be extracted by applying pressure to the skin adjacent to AoL pores and
subjected to biophysical examination. While the sensory capabilities of the AoL have
been studied in detail over the past several decades, the process by which signals

move from the environment through the organs, and how the gel is involved, remains

176

a subject of debate.

Figure 12 Anatomy of Ampullae of Lorenzini (AoL)(A) An image showing a type of
chimaera called a spotted ratfish (Hydrolagus colliei). Yellow arrowheads delineate

the locations of some AoL pores. Image taken by Mick Otten.(B) A diagram showing
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three AoL below the skin surface. Pores lead into canals filled with a gel (as made
visible by the cutaway). Neurons (yellow) synapse with specialized electrosensory

cells in the alveoli and project onto the hindbrain.

Research in the 1960s showed that AoL gel is approximately 95% water containing
Na+, K+, CI', and urea.'”® By measuring the relative abundances of hexosamines,
sulfates, and other chemical groups, researchers identified that the gel contains
various ‘‘mucopolysaccharides,’’ but the specific identities of these components have
remained unknown until recent years. AoL gel extracted from three fish species
demonstrated extremely high proton conductivity, higher than that of any other
reported biological material. It has been proposed that keratan sulfate, a
glycosaminoglycan, is a component of AoL gel and responsible for conferring the
substance’s proton conductive properties. Various studies have attempted to uncover
the molecular make up of AoL gel, most with a focus on polysaccharides and proteins.
Cellular contamination during AoL gel extraction, however, makes the interpretation
of proteomic data sets challenging. We recently reported evidence suggesting that
chitin is another polysaccharide component of the gel, but it remains unknown if the
chitin molecules are modified in some way or complexed with other components in
order to promote solubility in the aqueous gel. Major gel-forming components have
been shown to exist as fibrous or rod-like particles, flexible coils, spherical particles,
or linear molecules held together by crystalline junctions.'” However, it is still

unclear how the molecular components of AoL gel are arranged and how they
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contribute to the gelatinous nature of the material. Furthermore, it is unknown how
the gel’s viscoelastic structure factors into the proton conductivity of the substance.
Using data from proteomics and polysaccharide analyses, Zhang et al. proposed a
hypothetical model of AoL gel structure consisting of actin filaments holding together
a scaffold of mucins bound to keratan sulfate molecules.'®® Zhang et al. based their
model on inferred interactions of gel components that they identified using chemical
extraction methods and proteomics; the model was not based on biophysical
structural data. Here, we describe an entirely different approach to studying the
structure of AoL gel samples from spotted ratfish (Hydrolaguscolliei) by small-angle
X-ray scattering (SAXS), scanning electron microscopy (SEM), and atomicforce
microscopy (AFM). To understand the influence of the gel’s protein component
specifically, we digested gel with the proteolytic enzyme, proteinase K, and compared
the gross morphology and scattering properties of gel before and after protein
removal. Furthermore, we studied the influence of proteins on the proton conductivity
of the material using electrochemical impedance spectroscopy. Our results suggest a

different model for the gel structure than had previously been suggested.

4.2.2 Result

In order to develop an understanding of the functional differences between AoL gel
before and after proteolytic digestion, we compared the proton conductivity of native
AoL gel from H. colliei and proteinase-K-treated gel with alternating current (a.c.)

electrochemical impedance spectroscopy (EIS) (Figure 13). Both gel samples were
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dialyzed against H20 before measurements to remove other ions that could contribute
tothe conductivity. The Nyquist plots of both native and digested AoL gel show
semicircles in the high-frequency region and an inclined spur in the low-frequency
region (Figure 14). These features are fingerprints of materials with predominant

181 'We calculated the conductivity usinga simple equivalent

ionic conductivity.
circuit'®? (Figure 15). For native AoL gel, we calculated the effective conductivity to
be 5+ 3.5 mS cm!, which is consistent with the value of the conductivity (2 £ 1 mS

cm!) of AoL gel from other cartilaginous fish species measured previously!'®3

using
transmission line measurement devices. Given the variability associated with samples
extracted from biological specimens, the agreement of the values within the
uncertainty range is remarkable. For the digested gel, we calculated the effective
conductivity to be 22 + 85 mS cm’'. The sizable error observed with both
measurements comes from the uncertainty associated in evaluating the thickness of
gel material in the devices. Regardless, it appears that the conductivity of the
proteinase-K-digested material is higher than that of native AoL gel. To further
confirm that the charge carriers in the gel are protons, we studied the kinetic isotope
effect by loading the gel with H+ and D+ in water (H20) vapor and deuterium oxide
(D20) vapor, respectively.'®3 The resistance of both native and digested AoL gel in
D20 vapor was significantly higher than that in water as expected when protons

dominate the conductance of the material because the mobility of D+ is

approximately half of the mobility of H+ (Figures 5D and 5E). This result provides
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confirmation that AoL gel from H. colliei is a proton conductor at high relative

humidity and corroborates our previously reported observations.

&

Figure 13 Proton conductivity of H. colliei AoL gel before and after proteinase K

digestion. Two-terminal device used for EIS measurement.
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Figure 14 Nyquist plots of native AoL gel (blue) and digested AoL gel (black) at 90%

relative humidity.
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describe the nonideal interface capacitance; Rb and Cb represent the resistance and
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Figure 16 Nyquist plots of native H. colliei AoL gel (D) and proteinase-K-digested H.

colliei AoL gel (E) in the presence of H2O vapor (black) and D20 vapor (red).
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4.2.3 Discussion

Evidence from microscopic examination suggested that AoL gel from H. colliei is
colloidal in nature, with spherical globules comprising a substantial portion of the
observable macromolecular structure. SAXS data using concentrated AoL gel
revealed a scattering peak corresponding to a real-space length scale of 22 nm.
Globules were still observable by AFM in proteolyzed gel samples, whereas the 22-
nm peak was completely absent from the SAXS plot generated using the same
material. Taken together, these findings suggest that the 22-nm peak represents a
length scale related to the average separation of the spherical globules within AoL gel.
In addition, for the undigested samples, the range of length scales over which we
observed close to ideal chain behavior (690 nm) suggests that there is some degree
of chain interdigitation between globules in the aggregated structure, producing a
continuous polymer network. It is important to point out that ultracentrifugation may
have impacted the size of the polymer globules in native AoL gel; therefore, the 22-
nm peak would represent a lower correlation length limit. It should also be noted here
that other polymer structures, such as fractal aggregates, may possibly give rise to
scattering patterns similar to the one reported. Detailed model fitting procedures often
used for SAXS data are precluded here owing to the unknown composition of the
AoL gel, and thus, future experiments will be necessary to elucidate the internal
structure of the globules in more detail. When ambiently dried AoL gel was imaged
with AFM, rope-like structures were observed weaving among the globules. These

structures were absent in proteinase-K-digested gel, which suggests that they consist
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of proteins involved in holding the polymer network together. Elimination of the
setethering proteins by enzymatic digestion seemingly collapsed the polymer network,
and although the globules remained, they became dispersed randomly in solution. It is
still unclear what materials compose the globules entirely. The fact that the globules
were still clearly resolvable after proteinase K digestion makes it unlikely that they
are highly composed of proteins. Therefore, the material remaining after proteinase K
digestion could be composed of polysaccharides, lipids, or a combination of
macromolecules. However, the globules comprising AoL gel resemble published

images of chitosan nanoparticles;!8*

moreover, crystals reminiscent of chitin nano
whiskers were formed when the carbohydrate-extracted gel material was sonicated.!®
These observations likely indicate that chitin makes up a substantial portion of the
spherical globules, perhaps functioning as a scaffold that organizes proton-conductive
keratan sulfate molecules. By comparing the proton conductivity of native and
proteinase-K-digested ratfish gel, we learned that proteins may not play a direct role
in the conductivity of the material, despite their clear contribution to the gel’s
observed viscosity. In prior work,'®* we speculated that sulfated polysaccharides,
namely keratan sulfate molecules, were responsible for conferring the observed
proton conductivity of AoL gel. If we consider the gel as a mixture of highly

conductive polysaccharides!”

and less conductive proteins, removing the proteins
should lead to a more conductive material as observed here. Nonetheless, the fact that

the digested gel is more conductive than native gel confirms that proteins are not

directly responsible for the observed proton conductivity. These data, along with the
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SAXS spectra, do not indicate which specific proteins play a role in the gel’s
structure and function. However, our results suggest that proteins do confer the
gelatinous nature of the material and contribute to the maintenance of the structured
polymer network but are not critical for proton conductivity. Interestingly, we noticed
that approximately one out of four measurements on the digested gel sample contains
a Nyquist plot that hints at the presence of two semicircles at high and mid
frequencies as well as a clear polarization spike at low frequency. Potential reasons
for the presence of two semicircles include grain boundary between globules!®® or a
nonuniform current distribution.!®” Tt is possible that the lack of an organized
structure in the digested gel may affect the proton conduction and give rise to the two
semicircles. This observation also suggests that the proteins may play an indirect role
in the proton transport by organizing the polyglycans responsible for the proton
conduction. Finally, we note that our proposed model for the structure of the AoL gel
is intrinsically different from that given by Zhang et al.!®® This is, in part, due to
differences in the data types used. The model of Zhang et al. was generated by
inference using proteomics data from the AoL gel and presumptive scaffolding of
keratan sulfate, conceptually similar to the bottle-brush model of aggrecan.!®® In
contrast, our model is based on AFM and SEM imaging along with corroborating
SAXS spectral analysis and proposes a colloidal gel organization. We never observed
anything reminiscent of bottle-brush structures in AFM, and given the published sizes
of such aggrecan bottle brushes (R200 nm), we doubt that the globules are composed

of smaller subunits of such structures. Regardless, it will be important to subject both
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models to further physicochemical and structural analyses in order to better deduce

the underlying electrosensory mechanisms of the AoL of cartilaginous fishes.

4.2.4 Limitations of the study

To study the molecular makeup and structure of AoL gel, we needed to extract gel
material from the tubular organs of deceased fish by applying physical pressure to the
skin around the AoL pores. Therefore, all of the studies described here were limited
by inevitable contamination of cellular and mucosal debris during the gel’s extraction
process. Because of this limitation, when studying the macromolecular components of
AoL gel, we eliminated the gel’s entire protein population as opposed to specific
protein species. We also acknowledge that ultracentrifugation of gel samples used for
SAXS may have introduced subtle changes to the scattering properties of the
materials. Another limitation, as mentioned in the main text, was the need to desiccate
AoL gel prior to imaging with AFM and SEM. It is unclear whether or not the
observed features of desiccated gel reflect the native structure of aqueous gel. We
used supercritical drying in an attempt to overcome this limitation. Finally, when we
performed proton conductivity measurements, we filled two circular spacers with
native gel and proteinase-K-digested gel. The native gel was extremely viscous,
whereas the digested material was a liquid, and the two substances did not necessarily

contain the same proportion of dissolved molecules.

Section 4.2 is reproduced from '%°,
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4.3 Proton conductivity of Single-Crystal Polycationic Polymers

The efficient preparation of single-crystalline ionic polymers and fundamental
understanding of their structure—property relationships at the molecular level remains
a challenge in chemistry and materials science. Here, we describe the single crystal
structure of a highly ordered polycationic polymer (polyelectrolyte) and its proton
conductivity. The polyelectrolyte single crystals can be prepared on a gram-scale in
quantitative yield, by taking advantage of an ultraviolet/sunlight-induced
topochemical polymerization, from a tricationic monomer - a self-complementary
building block possessing a preorganized conformation. A single-crystal-to-single-
crystal photopolymerization was revealed unambiguously by in situ single-crystal X-
ray diffraction analysis, which was also employed to follow the progression of
molecular structure from the monomer, to a partially polymerized intermediate, and,
finally, to the polymer itself. Collinear polymer chains are held together tightly by
multiple Coulombic interactions involving counterions to form two-dimensional
lamellar sheets (1 nm in height) with sub-nanometer pores (5 A). The polymer is
extremely stable under 254 nm light irradiation and high temperature (above 500 K).
The extraordinary mechanical strength and environmental stability in combination
with its impressive proton conductivity (~3 A~ 10—4 S cm™) endow the polymer
with potential applications as a robust proton-conducting material. By marrying

supramolecular chemistry with macromolecular science, the outcome represents a
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major step toward the controlled synthesis of single-crystalline polyelectrolyte

materials with perfect tacticity.

4.3.1 Introduction
A good fundamental understanding of the structure—property relationships of
polymers at the molecular level remains a bottleneck in chemistry and materials

science.!'??

Topochemical polymerization a lattice-controlled crystal-to-crystal
synthetic protocol offers (Figure 17¢) a promising solution for the preparation of
macroscopically sized single-crystallinepolymers,!®! suitable for single-crystal X-ray
diffraction (SCXRD). This solid-state technique not only provides the accurate
chemical composition but also affords detailed bonding information, thereby offering
guidelines for the further development of materials with finely tuned properties.!®?
The high crystallinity of these materials can also enhance many performance-based
applications. On the other hand, polyelectrolytes have attracted considerable attention
in the field of all-solid-state batteries'®® and fuel cells.!® The topochemical synthesis
of ionic polymeric or polyelectrolyte single crystals (PSCs), however, remains elusive
and particularly challenging because of the strong Coulombic repulsive interactions
(Figure 17b) which operate during the self-assembly of a pair (Figure 17c¢) of cationic
or anionic appendages from two ionic monomers (Figure 17d). Here, we present a
rational design (Figure 17¢) for the efficient preparation of PSCs on the basis of a

careful selection of appendage!®’ in tricationic monomers: they dictate an ensemble of
pp g y

weak interactions and spatial alignments, by combining the principles of
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supramolecular chemistry and macromolecular science. First of all, we employ the
self complementary both with respect to shape and charge distribution interactions
(Figure 17c¢) between pyridinium-based functional groups, which have been
demonstrated by us to be a powerful tool for directing the hierarchical assembly of
multicharged molecules, involving there pulsive monomeric units with optimal
proximity for topochemical reactions.!”® Second, we have chosen (Figure 17d) the
triolefinic tripyridinium monomer 13+, which is expected to adopt a stable
conformation in three dimensions and so preorganize discrete reaction sites into an
infinite and highly ordered supramolecular network.!”” Last but not least, a certain
degree of flexibility highlighted by the black dotted circles in Figure 17d associated
with the three appendages of the monomeric structure is also considered in order to
cushion the strain released from conformational changes which take place during
solid-state reactions and so prevent fragmentation of the crystals. The remarkable
advantage of this strategy is it sability to obtain large-sized polycationic polymer
single crystals quantitatively by taking advantage of an ultraviolet/sunlight induced
single-crystal-to-single-crystal (SCSC) topochemical photopolymerization (Figure 17)
of the preorganized monomers, resulting from the crystallization. (E)-4-(2-(Pyridin-4-
yl)vinyl) pyridinium units were chosen as reactive sites because of their well-

5

established [2+2] photodimerization, both in the solution phase!® and in the solid

state.!?8
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Figure 17 Design concept and strategy for the synthesis of single-crystalline
polycationic polymers. (a) Schematic diagram for the preparation of polymer crystals
from the crystallization of preorganized monomers, followed by the topochemical
photopolymerization. (b) The unfavorable self-repulsive interaction in a parallel
manner. (c) The self-complementary interactions facilitate the proximity of two
reactive sites in an antiparallel manner. (d) Structural formula of the monomer. (e)

Scheme for photopolymerization.

The Single-Crystal-to-Single-Crystal (SCSC) Photopolymerizations, characterization and

mechanical properties are omitted here. More details can be found in the published work.'®

50



4.3.2 Proton Conductivity

Given the ordered 1D ionic channels, high stability toward heat, and concentrated
acids, we investigated the proton conductivity of the polymer using electrochemical
impedance spectroscopy (EIS). The Nyquist plots show (Figure 18) a semicircle in
the high frequency region and an inclined spur in the low-frequency region, both
observations that can be associated with a simple equivalent circuit (Figure 20). The
values (Figure 18) for proton conductivities are highly humidity dependent and show
a significant increase from 2.5 A~ 10—7 S cm—1 at 30% relative humidity (RH) to 2.6
A~10-4 S cm—1 at 90% RH. A distinct isotope effect confirmed that the polymer is a
proton conductor (Figure 22).'%° The impressive proton conductivities (~3 A~ 10—4 S
cm—1) at room temperature are broadly comparable with the values for covalent
organic frameworks (COFs) measured under similar conditions. The simulated
structure reveals that water molecules form hydrogen-bonded networks in the
confined environment of the 1D channels, suggesting the operation of a Grotthuss

0

mechanism?® in which hydronium ions pass their protons to neighboring water

molecules along the well-packed hydrogen-bonded chains.
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Figure 18 Nyquist plots showing the impedance of the polymer at 298 K with varying
relative humidity (RH) between 0.1 MHz and 0.1 Hz. The Nyquist plots of 50%—90%
RH are also shown in Figure S34 in detail. (e) The dependence of the proton
conductivity of the polymer on the RH. (f) A snapshot of water chains in the 1D
channels of the simulated structure. H2O molecules are illustrated as space-filling
representations, while the organic fragments and BF4— counterions are shown as

surface model representations.

Samples were mechanically ground into sufficiently small particle sizes. Impedance
data were recorded by Autolab PGSTATI128N between 100 kHz and 0.1 Hz at 20 mV
amplitude, and analyzed by Nova 2.0 software. A simple equivalent circuit was used
here to simulate the Nyquist plots. Experiments were carried out in a home-made
humidity control chamber with N2 atmosphere. Before each measurement, the sample

was incubated for 2 h at different humidities to reach a stable status.

Figure 19 Two-terminal device used for EIS measurement. The two-terminal devices

used in EIS measurements were fabricated on glass. Prior to device fabrication, the
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substrates were cleaned by sequential sonication in Me2CO and iPrOH. Then, a 10
nm Titanium adhesion layer overlaid with a 100 nm gold was electron-beam
evaporated onto the clean substrates through a shadow mask. The dimensions of the
paired electrodes were 2.5 cm wide by 2.0 cm long with an inter-electrode separation
of 50 um. The devices were completed by dropping cast the bulk polymer powders
suspended in MeCN solution directly onto the electrode patterns, and the resulting

films were allowed to dry in air overnight

CPE; I

Figure 20 Equivalent circuit model used to fit the impedance data. A Constant Phase
Element (CPE) was used to describe the non-ideal interface capacitance, Rb and Cb

represent the resistance and capacitance of the sample, respectively.

The conductivity (o) of the sample is calculated with the equation below:

L

5 =
R,A

Where S and L are the cross-sectional area and thickness of the sample, respectively,

and Rb is the value of resistance, which was obtained from the impedance plots
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Figure 21 Nyquist plots showing the impedance of the polymer between 0.1 MHz—0.1

Hz at 298 K with varying RH. Zoom-in of Figure 18.
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Figure 22 Kinetic isotope effect of the polymer at 90% RH. A Nyquist plot for the

polymer-bridged two-terminal device in the presence of water vapour (black) and in

the presence of deuterium oxide vapour (red). The conductivity calculated from the

Nyquist plots are 3 x 10 -4 S cm —1 (H+) and 1.4 < 10 -4 S cm —1 (D+), respectively
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Figure 23 Nyquist plot of Nafion at 90% RH, yielding a value of 0.1 S cm —1

4.3.3 Conclusion

In summary, we announce a strategy for the quantitative synthesis of polyelectrolyte
single crystals with precise control over composition, regioregularity, stereoregularity,
and tacticity, from a tricationic monomer. A single-crystal-to-single crystal
topochemical photopolymerization has enabled us to gain considerable insight into
the molecular structure of the final polymers. The positively charged polymer chains
are aligned periodically and held tightly together by multiple ionic interactions with
tetrafluoroborate counterions to form 2Dmonolayer sheets in lamellar crystals. A
gram-scale preparation, relying on ultraviolet/sunlight-triggered polymerization, has
allowed us to synthesize enough of the polymer to be able to investigate its

physicochemical properties and speculate about its potential practical applications.
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We have demonstrated that the highly ordered polycationic structure endows this
charged polymer with valuable properties. High proton conductivities, in combination
with the remarkable mechanical properties and the high thermal stabilities of these
polyelectrolytes, point to their promising applications as proton-conducting materials.
A comprehensive understanding of how molecular structures dictate proton diffusion
in polyelectrolytes is at the heart of the development of better proton conductors. The
modular synthetic strategy and fundamental proof-of-concept study of proton
conductivities in single-crystalline polyelectrolytes provide compelling clues for the
design of novel proton conducting materials that possess better performance

characteristics than those exhibited by current state-of-the-art materials.

Section 4.3 is reproduced from "'
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4.4 Proton conductivity of Nanotubes

Macrocycles that assemble into nanotubes exhibit emergent properties stemming
from their low dimensionality, structural regularity, and distinct interior environments.
We report a versatile strategy to synthesize diverse nanotube structures in a single,
efficient reaction by using a conserved building block bearing a pyridine ring. Imine
condensation of a 2,4,6-triphenylpyridine-based diamine with various aromatic
dialdehydes yields chemically distinct pentagonal [5 + 5], hexagonal [3 + 3], and
diamond-shaped [2 + 2] macrocycles depending on the substitution pattern of the
aromatic dialdehyde monomer. Atomic force microscopy and in solvo X-ray
diffraction demonstrate that protonation of the macrocycles under the mild conditions
used for their synthesis drives assembly into high-aspect ratio nanotubes. Each of the
pyridine-containing nanotube assemblies exhibited measurable proton conductivity
by electrochemical impedance spectroscopy, with values as high as 10—-3 S m—1 (90%
R.H., 25 °C) that we attribute to differences in their internal pore sizes. This synthetic
strategy represents a general method to access robust nanotube assemblies from a
universal pyridine-containing monomer, which will enable systematic investigations

of their emergent properties.

4.4.1 Introduction
Macrocycles that assemble into extended one-dimensional nanotubes exhibit

emergent properties because of their low dimensionality, structural regularity, and
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202

distinct interiorenvironments.”’~ These features are of potential interest for ion

t,203 4 5

transpor sensing,?** catalysis,?® and separations.?’® To access the diverse
properties associated with these potential uses, macrocycles that form nanotubes must
be derived from readily accessible building blocks and tolerate structural variation
without compromising their interaction energies and ability to assemble. General
methods to access designed, high-aspect ratio nanotubes remain limited. Noncovalent
assemblies based on relatively weak supramolecular interactions are less likely to
tolerate significant structural variation and can exhibit poor mechanical integrity.2?
Developing a robust and chemically general macrocycle assembly strategy will
enable broad explorations into nanotube design, their emergent properties, and
stimuli-responsive?®® or even out-of-equilibrium assembly processes.?”” We recently
found that the protonation of imine-linked macrocycles triggers strong electrostatic
and solvophobic interactions that drive the formation of high-aspect ratio
nanotubes.?!® However, macrocycle assembly that relied exclusively on imine
protonation only assembled in the presence of excess acid, whereas lower acid
concentrations accelerated macrocycle hydrolysis.?!! We subsequently identified a
single macrocycle based on pyridine-2,6-dicarboxaldehyde that was assembled using
sub-stoichiometric quantities of acid, giving rise to robust assemblies that formed
fibers with mechanical properties comparable to covalent linear polymers (Figure
24).219 Here, we dramatically expand the modularity of this design by including the

pyridine heterocycle and hydrophobic solubilizing groups in a single monomer,

thereby enabling the efficient incorporation of many dialdehydes into macrocycles
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that assemble into high-aspect ratio nanotubes under mild conditions (Figure 24).
Through this approach, ten distinct macrocycles and nanotubes with a range of
structural features including different shapes, channel sizes, and chemical
functionalities were realized. Because each of these macrocycles forms nanotubes in
the presence of less than one equivalent of acid per pyridine moiety, we hypothesized
that protons might be mobile within the nanotube interiors, similar to recent reports

212

on proton conduction within assembled D,L-a-cyclic peptides*'~ and nanotubes based

on metal-ligand coordination bonds.?!?

Electrochemical impedance spectroscopy of
four nanotube structures indicated that each system exhibited measurable protonic
conductivity, with the highest value of1.6 A~ 107Sm™" at 90% relative humidity and
25 °C. Across the four nanotubes studied, the protonic conductivities appear to
depend on the size and/or shape of the macrocycle. These findings highlight the
potential of well-defined supra molecular assemblies with precisely installed
functional groups for ion transport. Overall, this versatile synthetic platform to target

designed nanotubes will enable the broad exploration of synthetic 1D nanostructures,

their emergent properties, and their eventual incorporation into devices.
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Figure 24 Accessing high-aspect ratio nanotubes via acid-mediated macrocycle
assembly. (Top) Previous work in which assembly under mild conditions was dictated
by a pyridine-2,6-dicarboxaldehyde monomer residue, resulting in a system that
assembles under mild conditions but is not easily generalized. (Bottom) A modular
approach to imine-linked macrocycle formation and assembly relying on a pyridine
Jjunction embedded within the diamine monomer, allowing access to chemically and

structurally diverse nanotubes in a single step.

The preparation and characterization of nanotubes are omitted here and can be found

in the published work.?!#
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4.4.2 Result and discussion

Accessing nanotubes of different sizes and chemical functionalities under sub-
stoichiometric acid loadings motivated studies of their proton conductivity.
Nanotubes assembled from pyridine-containing imine-linked macrocycles in the
presence of 0.5 equiv CF3CO2H per pyridine group demonstrated pore size
dependent proton conductivity, with nanotubes assembled from DAPP-IDA
exhibiting a conductivity 2 orders of magnitude greater than that of nanotubes
assembled from DAPP-PDA or DAPP-PhenDA. To measure the proton conductivity,
nanotubes were drop-cast onto a two-terminal device, between two Au contacts (2.5
A~ 2.0 cm) separated by 50 pm, and subjected to electrochemical impedance
spectroscopy (EIS) at 90% relative humidity (R.H., Figure 25A). EIS data was
analyzed using Nyquist plots fit to a standard equivalent circuit consisting of a
constant phase element (CPEiy) in series with a parallel combination of a resistor (Rb)
and a capacitor (Cb, Figure 25B).Despite variation in nanotube shape and number of
pyridine moieties, nanotubes assembled from DAPP-PDA, DAPP-IDA, and DAPP-
PhenDA all yield a semicircle Nyquist plot in the high-frequency region and an

inclined spur in the low frequency region (Figure 25C—F).
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Figure 25 Structure-dependent proton conductivity of nanotubes prepared via acid-
mediated macrocycle assembly. (A) Illustration of the two-terminal device used for
EIS measurements. (B) Diagram of the equivalent circuit model used to analyze the
impedance data. The circuit consists of a Constant Phase Element (CPEint) in series
with both a resistor (Rb) and a capacitor (Cb), which correspond to the film/electrode
interface capacitance, the film bulk resistance, and the film bulk capacitance,

respectively. (C—F) Nyquist plots showing the impedance of nanotubes derived from
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DAPP-PDA, DAPP-PhenDA, DAPP-IDA, and DAPB-DFP macrocycles at 25 °C
with 90% R.H. The conductivities calculated from these plots were 1.4 x 10-5, 6.3 X
10-5, 1.6 x 10-3, and 1.5 x 10-3 S m—I, respectively. (G) Comparison of observed
conductivity values in different macrocycles. The data suggest that an increase in the
size of the macrocycle results in lower conductivities, but other factors such as

macrocycle shape and packing density may also play a role.

These observations are fingerprints of proton conductivity, a phenomenon which was
further validated by observing a sharp decrease in conductivity due to isotope effects
when the same measurements were carried out in the presence of D20 (Figure 26).!74
The measured deuterium effect is as expected for protons being the major charge
carrier within the nanotubes and rules out the possibility that other ions, such as ions
present in the solvent or the acid counterion, contribute substantially to the measured
current. All samples demonstrate the hallmarks of proton conductivity, and our
observations suggest that the conductivity values of various nanotubes have a pore
size dependence. Larger [5 + 5]nanotubes (@ = 3 nm) derived from PDA exhibited
low conductivity (1.4 £ 0.0 A~ 10—5 S m—1, 90% R.H., 25 °C).However, the smaller
but irregularly shaped nanotubes (@ = 2.5and 1.3 nm) derived from PhenDA only
showed a moderate conductivity increase (6.3+0.2 A~ 10-5Sm—1, 90% R.H.,
25 °C).The smallest hexagonal nanotubes (@ = 1.75 nm) derived from IDA produced
a conductivity 2 orders of magnitude greater than nanotubes with larger channels (1.6

+ 0.0 A~ 10-3 S m—1, 90%R.H., 25 °C), suggesting that the size of the hexagonal
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pore and the spacing of pyridine moieties in nanotubes derived from IDA provide an
optimal path for proton conduction. Pore size dependent proton conductivity within
1D nanochannels has been previously attributed to water molecules adopting a well
organized 1D proton wire configuration in smaller systems, thereby realizing larger
conductivity values.!?’ Despite the apparent dependence of proton conductivity on
nanotube diameter, further studies will be needed to definitively elucidate the origin
of enhanced conductivity within various nanotubes and to investigate
structure—property relationships that promote proton conductivity within these
macrocycle-based assemblies. Furthermore, it is likely that the proton conductivity of
the nanotubes can be enhanced by increasing the amount of acid used in their
assembly, offering a handle to tune conductivity that is independent of macrocycle
structure.?!> Comparison of the conductivity trends in nanotubes derived from DAPP
with two additional control systems confirmed that proton transport occurs along the
cationic 1D nanochannel. Two additional macrocycles were prepared based on a
1,3,5-triphenylbenzene-based diamine (DAPB) and either DFP or IDA. The former is
a structural isomer of DAPP-IDA with an identical assembly profile, while the latter
lacks pyridine moieties and substantial 1D order, allowing us to further probe the
effects of assembly and nanotube size on proton conductivity. Nanotubes assembled
from DAPB-DFP macrocycles exhibit proton conductivities (1.5 + 0.0 A~ 10-3 S

m—1,90% R.H., 25 °C), similar to DAPP-IDA systems.
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Figure 26 Kinetic isotope effect experiment. Nyquist plots for the polymer-bridged
twoterminal device in the presence of water vapor (black) and deuterium oxide vapor
(red) of (4)DAPP-PDA, (B) DAPP-PhenDA, (C) DAPP-IDA, and (D) DAPB-DFP

nanotubes at 90% R.H.

Furthermore, macrocycles which do not contain any pyridine moieties, and therefore
lack substantial 1D order (DAPB-IDA), demonstrate conductivity values at least 3
orders of magnitude lower than those of DAPP-IDA or DAPB-DFP nanotubes
(Figure 27). The comparison of these three hexagonal structures suggests that (1)
proton conductivity is partially dependent on the pore architecture and (2) substantial

1D order is required for reliable proton transport. Taken together, the results of the
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conductivity values obtained for various DAPP-based nanotubes highlight that in
order to reliably target optimized performance in a 1Dnanochannel, the chemical
functionality and nanotube topology must be independently modifiable. Presumably,
using this design strategy to prepare optimally sized nanotubes with higher densities
of basic moieties will improve the proton conductivity of these assemblies, thereby
enabling explorations into the use of these materials in fuel cell and bioelectronic
applications. More broadly, this work demonstrates that structurally well-defined
supramolecular assemblies with precisely installed chemical functionalities are

promising scaffolds for the development of materials suitable for ion transport.
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Figure 27 Nyquist plot of DAPB-IDA nanotubes at 90% R.H.

4.4.3 Conclusions
Generalizing the acid-mediated assembly of macrocycles into robust nanotubes will
enable access to a broad range of structures and exploration of their emergent

properties. Here, we have shown that a 2,4,6-triphenylpyridine-based diamine (DAPP)
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enables efficient formation of pentagonal [5 + 5], hexagonal [3 + 3], and diamond
shaped [2 + 2] macrocycles depending on the substitution pattern of the aromatic
dialdehyde monomer. Protonation of the central pyridine moiety of DAPP under the
mild conditions typical form acrocycle synthesis drives macrocycle assembly into
high aspectratio nanotubes, as demonstrated by in solvo XRD measurements and
AFM imaging. These structurally well-defined supramolecular polymers with
cationic 1D nanochannels demonstrated pore size-dependent proton conductivity,
with nanotubes derived from IDA exhibiting a conductivity 2orders of magnitude
greater than those of the nanotubes derived from PDA or PhenDA. These findings,
along with the versatility of this synthetic approach, will guide future designs to
further improve proton conductivity and further leverage the stimuli responsive nature
of the assemblies. Overall, this platform will unlock the potential of functional
nanotubes assembled from macrocyclic precursors to provide systems whose

emergent properties and functions can be rationally tuned through molecular design.

4.4.4 Experiment section

Sample Preparation for Proton Conductivity Measurements. A Two-terminal device
was used for electrochemical impedance spectroscopy (EIS) measurements. The two
terminal devices used in EIS measurements were fabricated on glass. Prior to device
fabrication, the substrates were cleaned by sequential sonication in acetone,
isopropanol, and deionized water. After cleaning, a 10 nm Titanium adhesion layer

overlaid with a 100 nm gold layer was electron beam evaporated onto the substrates
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through a shadow mask. The dimensions of the paired electrodes were 2.5 cm wide
by 2.0 cm long with an inter-electrode separation of 50 um. The devices were
completed by drop-casting solutions of the nanotubes in 1,4-dioxane directly onto the
electrode patterns. The resulting films were allowed to dry overnight before having

their thicknesses measured by profilometry and being subjected to EIS measurements.

Electrochemical Impedance Spectroscopy (EIS). Impedance data were recorded using
an Autolab PGSTATI128N between 100 kHz and 0.1 Hz at 50 mV amplitude. The
data was subsequently analyzed using a Nova 2.0 software. In doing so, a simple
equivalent circuit was used to simulate the Nyquist plots (Figure 4B and S133).
Experiments were carried out in a home-made humidity control chamber under an N2
atmosphere. Before each measurement, the samples were incubated for 24 hours at 90%
relative humidity (R.H.) to reach a stable status.

Proton Conductivity Calculation. Proton conductivity values were calculated using

the following equation:

L

o=
R,A

Where S and L are the cross-sectional area and thickness of the sample, respectively,

and Rb is the value of resistance, which was obtained from the impedance plots
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In this equation, A is the cross-sectional area of the sample, L is the length between
the two Au terminals, and Rb is the value of resistance, which was obtained from the
impedance data of EIS.

Kinetic Isotope Experiments. Experiments were carried out in a home-made humidity
control chamber with N2 atmosphere. After the EIS measurement using H20O vapor,
we substituted in D20 vapor at 90% R.H., and incubated the sample for an additional
2 hours to reach a stable status. Figure S134 shows the proton conductivity of DAPP-
PDA, DAPP-PhenDA, DAPPIDA, and DAPB-DFP nanotubes at 90% RH in both
H20O vapor (black) and D20 vapor (red). We calculated the conductivity from the
Nyquist plots using the equivalent circuit in Figure 4B to be 5.34 +£0.74 x 10-6 S m-1
(DAPP-PDA), 5.05 + 0.48 x 10-5 S m-1 (DAPP-PhenDA), 5.68 + 0.2 x 10-4 S m-1
(DAPB-DFP), respectively. It is worth noting that the impedance of DAPP-IDA in
D20 vapor is much higher than that in H2O vapor. We speculate it is due to structural
changes that arise in the nanotubes upon replacement of the replacement of H+ to D+,

which subsequently changes the charge density within the system.

This section is reproduced from 24,
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5. lon Conducting Hydrogel

Hydrogels have become the material of choice in bioelectronic devices because their
high-water content leads to efficient ion transport and a conformal interface with
biological tissue. While the morphology of hydrogels has been thoroughly studied,
systematical studies on their ionic conductivity is less common. In this section, we
present an easy-to-implement strategy to characterize the ionic conductivity of a
series of polyelectrolyte hydrogels with different amounts of monomer and
crosslinker and correlate their ionic conductivity with microstructure.

Higher monomer increases the ionic conductivity of the polyelectrolyte hydrogel due
to the increased charge carrier density, but also leads to excessive swelling that may
cause device failure upon integration with bioelectronic devices. Increasing the
amount of crosslinker can reduce the swelling ratio by increasing the crosslinking
density and reducing the mesh size of the hydrogel, but also cuts down the ionic
conductivity. Further investigation on the porosity and tortuosity of the swollen
hydrogels correlates the microstructure with the ionic conductivity. These results are
generalizable for various polyelectrolyte hydrogel systems with other ions as the
charge carrier and provide a facile guidance to design hydrogel with desired ionic

conductivity and microstructure for applications in bioelectronic devices.

5.1 Introduction
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Hydrogels are crosslinked three-dimensional polymeric networks capable of retaining
a significant fraction of water within the polymer chains without dissolving.?!
Hydrogels were first used for contact lenses in the 1960°s,%%2!7 and have found many
bioengineering applications since. Their high-water affinity and porous nature make
them good scaffolds to load substances such as functional nanomaterials and cells for

220, 221

applications in drug delivery,?'® wound dressing,® 2! tissue engineering, and

actuators.??% 223

In recent years, hydrogels have found use in bioelectronics as the
interface between electronic devices and biological systems such as in neuronal
recording and stimulation.!? 22% 225 Hydrogels are soft and reduce mechanical
mismatch and possible damage to biological tissue.??® Additionally, hydrogels are wet
allowing diffusion of ions and molecules mimicking the physiological environment of
cells and tissue and so they are intrinsic ionic conductors.’!> 227 Tonic conductors are
particularly important because biological systems use ions and small molecules for
information processing and not electrons and holes like semiconductor devices.? 228
Hydrogels are good candidate to transfer information between biological system and
electronic devices in ion-based bioelectronic device, including ionic diodes,??” ionic

21 and ion pumps.® 23 24 109232 Although small

transistors,?? basic logic circuits,
molecule diffusion in polyelectrolyte hydrogels is well studied for applications such
as drug delivery,?*? water desalination,>** and pressure sensors>*>, relatively less work
exists on the study of ionic conduction of hydrogels for bioelectronic applications.

Polyelectrolyte hydrogels are charged monomers crosslinked by crosslinker that

forms a network. We aim to study the influence of monomer and crosslinker on the
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ionic conduction properties and microstructure of polyelectrolyte hydrogels by
designing a series hydrogel with (1) varying amounts of monomer and a fixed amount
of crosslinker, (2) varying amounts of crosslinker and fixed amount of monomer. For
this investigation, we select 2-acrylamido-2-methylpropane sulfonic acid (AMPSA)
as the monomer and poly (ethylene glycol) diacrylate (PEGDA) as the crosslinker.
AMPSA is an ionic monomer widely used for the synthesis of polyelectrolyte
hydrogels because of its strongly ionizable sulfonate group that dissociates entirely in
most of the pH range, and therefore hydrogels derived from AMPSA contain a high
number of mobile counter ions.?*® PEGDA is commonly used as the crosslinker in the
free-radical polymerization of AMPSA hydrogel, and it is water-soluble, non-toxic,
and suitable for biomedical applications.?*” Many studies have been reported on the
morphological and mechanical properties of AMPSA/PEGDA polyelectrolyte
hydrogel as a function of their ionic group content. For example, Freeman et al.
showed that the water uptake and ion sorption of AMPSA/PEGDA hydrogel
increases with fixed charge density.?*® Durmaz and co-workers have reported that the
elastic modulus of hydrogels first increases with higher charge density but then
decreases continuously. Recently, Berggren and co-workers used AMPSA/PEGDA
polyelectrolyte hydrogel as the ion exchange membrane for the electrophoretic
delivery of different ionic species.*

In this paper, we present a comprehensive study on both the ionic conduction
properties and the microstructure of a series of AMPSA/PEGDA hydrogels. We

found that hydrogels with higher AMPSA show higher ionic conductivity due to the
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increased ionized groups and charge carrier density, but also results in excessive
water absorption and hydrogel swelling that is detrimental to the integration of
hydrogels with bioelectronic devices. By increasing the amount of PEGDA, we
reduced the swelling behavior but the ionic conductivity is also decreased. The
hinderance of hydrogel microstructure is similar to different ionic species and we
further investigated the porosity and tortuosity and correlated the microstructure with
the ionic conductivity quantitatively. These results provide simple design rules for
tuning hydrogel microstructure and ionic conductivity for applications in

bioelectronic devices.
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Figure 28 (a) Hydrogel polymerization reaction with AMPSA as the monomer,
PEGDA as the crosslinker in the presence of the photo-initiator. (b) Schematic of the
crosslinked polyelectrolyte hydrogel with fixed charges on the chain, counterions and
water molecules in the polymetric network. (c) Optical image of the bulk hydrogel.
Scale bar: 5 mm. (d) Schematic of the hydrogel ionic conductivity measurement
experiment setup. A voltage (V) across the AgCl electrodes drives H® to move
through the hydrogel in the capillary fiber, and the ionic flux is translated into an
electronic current by the electrochemical reactions at the Ag/AgCl contacts. (e)
Optical image of the hydrogel ionic conductivity measurement experiment setup.
Scale bar: 5 mm. The hydrogel capillary fiber is between two electrolyte chambers
made from PDMS, and AgCl wires are used as the electrode contacts in each

chamber.

5.2 Results

We prepared AMPSA/PEGDA hydrogels by free radical solution polymerization in
the presence of photo-initiator (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-
I-propanone, Irgacure 2959) following a previously published procedure (Figure

28a).2%

Table 3. Protocols of hydrogels synthesis.

AMPSA (M) PEGDA (M) Photo-Initiator (M)
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AP/1/0.5 1 0.5 0.05

AP/2/0.5 2 0.5 0.05
AP/3/0.5 3 0.5 0.05
AP/4/0.5 4 0.5 0.05
AP/2/0.1 2 0.1 0.05
AP/2/0.3 2 0.3 0.05
AP/2/0.5 2 0.5 0.05
AP/2/0.7 2 0.7 0.05

The crosslinked hydrogel has counterions and water molecules in the polymeric
network, and fixed charges on the chains (Figure 28b). The hydrogel is transparent
and absorbs water when exposed (Figure 28c). To measure the ionic conductivity of
the hydrogel, we made the hydrogel into an ionic resistor by filling the hydrogel
precursor solution into the glass capillary fiber crosslinked the solution in situ using
UV exposure (Figure 29). Prior to the crosslinking, we conducted a surface
modification by covalently bonding the hydrogel with the glass capillary fiber with
silane A174 (Figure 30). In detail, first we etched the inner surface of glass capillary
fiber with 1 M NaOH for 24 hrs to generate hydroxyl groups. Next we flow water (10
min), 10 wt% A174 in toluene (1 hr) and ethanol (10 min) in the channel with 2
ul/min using syringe pump in sequence. The reaction is shown in Figure S1 (a) and

the inner surface of glass is modified with alkene. Figure S1 (b) shows the reaction of
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hydrogel polymerization and covalent bonding with the silane. Therefore, after the

surface treatment, hydrogel

Figure 28d and Figure 28e show a two-terminal experiment setup for the ionic
conductivity measurement: the hydrogel fiber is an ionic conductor connected by two
electrolytes with AgCl wires as the contacts that serve as the electron-to-ion
transducer to close the circuit. For initial measurements, we used 100 mM HCI in
both of the electrolytes, and assumed that H" are the dominant charge carriers in the
hydrogel. We calculated the resistance (R) and ionic conductivity () of the hydrogel
using Equation 11 and Equation 12, respectively. This approach is simple compared
to electrochemical impedance spectroscopy and does not require complicated device

fabrication in the cleanroom or expensive equipment such as potentiostat.!82 19 214

L .
= Equation 11

§== Equation 12
AV

where R is the resistance, V is the applied voltage, I is the measured electrical current,

A is the cross-section area of the capillary fiber, and & is the ionic conductivity.
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Figure 29 Hydrogel resistor fabrication process.
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Figure 30 (a) The reaction between the glass and A174. (b) The reaction of hydrogel

polymerization and covalent bonding in the glass capillary fiber.

Equation 13 is a general expression of conductivity, and ionic conductivity is usually
a summary of all mobile species in the system, where q is value of charge, z; is the
charge of each ion, n; is charge carrier density per unit volume, L; is the mobility of

each species.
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& = Yin;lz;|qu; Equation 13

In the case of a single ion type contributing to the conductivity, the summation is
reduced to one term. The mobility of the ion can be expressed with the Einstein
relationship (Equation 14) in term of the diffusion coefficient (D) of the ion in water,

where Kz is the Boltzmann constant and T is the absolute temperature.

D :
H=1r Equation 14

However, ion transport in polyelectrolyte hydrogels is slower than that in the bulk

electrolyte because of the interaction of the ions with the hydrogel microstructure. To

take this effect into account, we can replace D with the effective diffusion coefficient

(Defr) in Equation 14. to get the ion mobility in a specific hydrogel.!” The overall

conductivity can then be expressed using Equation 15:

D :
o=neL Equation 15
kpT

First, we measured the ionic conductivity of all the hydrogels and found that the ionic
conductivity increases with more AMPSA and less PEGDA (Figure 31a). When we
increase AMPSA from 1 M to 4 M, the ionic conductivity increases from 8.7 + 0.8
S/m to 11.6 + 0.2 S/m. When we increased the PEGDA from 0.1 M to 0.7 M, the
ionic conductivity decreases from 14.7 + 0.3 S/m to 9.7 £ 0.8 S/m (Figure 31).
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AP/2/0.1 hydrogel shows the highest ionic conductivity to be 14.7 + 0.3 S/m, which is
similar to what has been reported.’> 24 AP/1/0.5 shows the lowest conductivity, 8.7 +
1.8 S/m. To understand how AMPSA and PEGDA affect ionic conductivity,
respectively, we further studied their influence on the change of charge carrier density

and effective diffusion coefficient.
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Figure 31 (a) lonic conductivity of hydrogels as a function of AMPSA and PEGDA
content. With more AMPSA and less PEGDA, hydrogels exhibit higher conductivity.
(b) Schematic of charge carrier density measurement using the ion exchange process.
(c) Current response when we change the charge carrier from H' to K*. During the
ion exchange process, the current under the gray area is integrated and leads to the
charge carrier density. (d) Charge carrier density of the hydrogels as a function of

AMPSA and PEGDA. The charge carrier density increases with AMPSA content
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because AMPSA directly provides charged sites, and slightly decreases with more
PEGDA. (e) Effective diffusion coefficient (Deg) of the hydrogels as a function of
AMPSA and PEGDA. The Dejy decreases with more AMPSA and shows no obvious
trend while changing PEGDA. (f) Relationship between effective diffusion coefficient

(De) and bulk diffusion coefficient (Dg) of Na*, K, H', D*, DAPI in AP/2/0.5

hydrogel.
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Figure 32. Dependence of ionic conductivity on AMPSA and PEGDA.

Assuming that the hydrogel is electroneutral, the mobile charge carrier density (n) in
the hydrogel equals to the fixed charge density of the polymetric network.!” Here, we
measure the fixed charge density of the polyelectrolyte hydrogel using an ion
exchange process with the same experiment setup in the ionic conductivity
measurement (Figure28 b). First, we use 100 mM HCI as the electrolyte, apply 0.8 V

and measure the currents. When all the charged groups in the polyelectrolyte
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hydrogels are compensated with H", the resistance of the ionic conductor is stable and
the current reaches an equilibrium. Second, we change the electrolyte to 100 mM KCI.
The counter ions H", at the fixed charge sites, are gradually exchanged by K*, which
has lower mobility and therefore the current decreased. When all the H* are replaced
by K", the resistance of the ionic conductor is only dependent on K*, and the current
became steady again. Here we assume the total number of fixed charges equals to the
transferred ionic charges between the two steady states, which can be estimated by

integrating the electronic current with time (Figure 30c).

The hydrogel glass fiber has a precisely defined geometry, so we can easily have an
estimate of the mobile charge density in each hydrogel by dividing the number of
charges by the hydrogel volume. Figure 31d shows that the charge density increases
with higher AMPSA and less PEGDA. In Figure 33, the charge carrier density
increases from 5.6 + 0.2 x 10 m3 to 1.6 = 0.5 x 10*” m> when we increase AMPSA
from 1 M to 4 M, which is more significant than that of hydrogels with different
PEGDA, from 1.1 £ 0.1x10*’ m3to 7.7 £ 0.1 x 10?® m™. This is because AMPSA
provides ionized sulfonate groups directly. Even PEGDA doesn’t directly supply
fixed charges, its influence on the crosslinking density changes the charge carrier

density in a moderate manner.

81



5x1 077 x1027

2. 25
£ E

> >

% 2.0 £ 20

a a

~ 1.5f - 1.5}

2 8

S 1.0t ' S 10} ® i :

[0 (0]

o =

Sosp ! ) . . S o050, . . .
o 1 2 3 4 O 0.1 0.3 0.5 0.7

AMPSA (M) PEGDA (M)

Figure 33 Dependence of charge carrier density on AMPSA and PEGDA ratio.

Then, we calculated the effective diffusion coefficient of H" in each hydrogel with the
ionic conductivity and charge carrier density (Figure 34), which shows that the Desr
decreases with higher AMPSA, from 2.5 + 0.5 x 10° m?s! to 1.1 £ 0.4 x 10 m?s’!,
which are in the same magnitude of what reported so far.?*! However, D¢ does not
show monotonical change when we change PEGDA. The reason could be that
effective diffusion coefficient is affected by more complicated factors.

Here we consider Desr as a description of the hinderance of hydrogel microstructure
on the ion transport, and measured the ionic conductivity and Desr of different ions
and small molecules using AP/2/0.5 hydrogel. By changing the electrolyte that
supplies ions to the hydrogel as the charge carrier, we measured the ionic
conductivity and calculated the Dt of different ions and ionic species (H", D*, Na®,
K*, and Ci6H12Ns**) in the AP/2/0.5 hydrogel (Figure 31f). The results of H and K*
are almost the same as what reported by Simon and co-workers.*? In Figure 31f, we
plotted the relationship of Desr and the diffusion coefficient in bulk solution, Do. The

linear relationship (R? = 0.98) indicates that the effect of the hydrogel microstructure
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on the ion and ionic species transport is a property of the hydrogel itself and it is
generalizable in this transport regime in which we assume that the size of the ionic

species is much smaller than the pore size of the hydrogel.
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Figure 34 Dependence of effective diffusion coefficient (D) on AMPSA and PEGDA.

Table 4 Electrical Properties of hydrogel

Conductivi Charge Carrier Mobility Effective Diffusion
ty (S/m) Density (/m?) (m?/V-s) coefficient (Defr) (m?/s)
AP/1/0.5 8.7+1.8 5.6 +0.2x10% 9.8 £2.0x108 2.5+0.5x107
AP/2/0.5 10.1+0.9 8.5 +0.6x10% 7.5+0.9x108 1.9 +£0.2x10”
AP/3/0.5 11.3+0.7 1.0 £0.1x10% 7.0 £0.9x1078 1.8 £0.2x10”
AP/4/0.5 11.6+1.2 1.6 £ 0.5x10% 4.4+ 1.4x10% 1.1+0.4x10"
AP/2/0.1 14.7+0.3 1.1+£0.1x10%* 8.7 +0.3x1078 2.2+0.1x107
AP/2/0.3  10.7+1.9 9.6 + 0.8x10% 6.9 + 1.4x1078 1.8 £0.3x10”
AP/2/0.5 10.1+0.9 8.5 +0.6x10% 7.5+0.9x108 1.9+ 0.2x10”
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AP/2/0.7  9.7+0.8 7.7+0.1x10% 7.8+£0.7x1078 2.0+0.2x107

Table 5 The electrical properties of AP/2/0.5 with different ions as the charge

carriers.
Charge Carrier Do (m?/s) Desr (m?/s)
H* 9.30x10° 2.0+0.1x107
D* 6.20 x10° 1.7+0.1x10°
K* 2.00 x10” 3.7+0.3x10°10
Na* 1.30 x107° 2.8+£0.2x10°1°
Ci6H 5Ns2* 3.40 x10710 1.8+£0.6 x10!!

To gain further insights, we characterize the hydrogel microstructure as a function of
composition and relate the microstructure to Derr. When a hydrogel is brought into
contact with water, water diffuses into the pre-existing or dynamically formed spaces
between hydrogel chains due to the osmotic pressure.?* The polymetric network
expands and results in swelling of the hydrogel, which involves larger segmental
motion and ultimately increased separation between hydrogel chains.?*> The swelling
capability is important for applications such as drug delivery and ion-based
bioelectronics. However, when we integrate hydrogels with bioelectronic devices,

excessive swelling behavior damages the device. Thus, understanding the mechanism
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of hydrogel swelling and methods to regulate this property is of great significance for

their integration with the bioelectronic devices.

Figure 35 (a) Schematic of water diffusing into the hydrogel due to osmotic pressure,
which results in swelling of the hydrogel and enlarged pores. (b) Hydrogel swells in
the glass capillary fiber. Scale bar: 2 mm. Optical images of swollen (c) AP/1/0.5, (d)
AP/2/0.5, (e) AP/3/0.5, (f) AP/4/0.5, (g) AP/2/0.1, (h) AP/2/0.3, (i) AP/2/0.5, (j)

AP/2/0.7 hydrogels.

We soaked all the hydrogels in excessive DI water for 48 hrs to reach equilibrium

before taking the pictures in Figure (c-j). When we increase AMPSA from 1 M to 4
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M, hydrogel swelling ratio increases from 268 + 16 % to 331 + 20 %. This is mainly
because the increase of the counterions inside the hydrogel, which increases the
osmotic pressure that swells the hydrogel.?** On the other hand, when we increase the
crosslinker from 0.1 M to 0.7 M, the swelling ratio is dramatically reduced from 1418
+ 153 % to 242 + 1 %. The crosslinker has a major effect on the polymer chains
branching and network. Thus, the network space is decreased with higher crosslinker
and less water enters the hydrogel. This result is similar with the study from Patel and
co-workers on superporous hydrogels.?**

To gather further understanding, we conducted SEM characterization to determine the
morphology of the polymetric network and understand the average pore size of all the
hydrogels. In Figure 35(a-d), all hydrogels except AP/1/0.5 present well-defined
pores with average size ranging from 12 + 7 um? to 802 + 94 um?. AP/1/0.5 seems to
have a structure with few pores, which aligns well with its relatively lower swelling
ratio. The nonporous structure reduces water absorption and therefore ion transport,
but nonporous hydrogels are good candidates for applications that require low
swelling ratio or good mechanical properties.”*> AP/2/0.5, AP/3/0.5, and AP/4/0.5
hydrogels are similar in the average pore sizes, 39 + 82 um?, 54 + 33 um?, and 33 +
27 um?, respectively. In comparison, when PEGDA is increased from 0.1 M to 0.7 M,
the average pore sizes of hydrogels show significant decrease: 802 + 93 um?, 275 +

121 um?, 39 + 18 um?, 13 + 7 um?, as shown in Figure 35 (e-h).
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Diffusion coefficient (Defr) is dependent on the porosity (&) and tortuosity (7) of the
porous media (Equation 16).2*6 Here we use Eq 6 to correlate the microstructure and

the ionic conductivity.

Desr = ‘jDo Equation 16

where Dy is the diffusion coefficient of H" in bulk solution (9.31 x 10 m?/s). ¢ is the
porosity and t is the tortuosity.
First, we characterize the porosity of hydrogels, which is defined as the ratio of the

pores’ volume and the total volume of the hydrogel (Equation 17).

v .
¢ = -22£ Equation 17

Vtotal

In Figure 35j, when we increase the AMPSA from 1 M to 3 M, the porosity increases
from 0.39 + 0.04 to 0.56 + 0.02 because the higher osmotic pressure.?*® The porosity
doesn’t further increase and even decrease to 0.52 + 0.02 when we increase the
AMPSA to 4 M, which might be due to the ion pair formation from the high ionic
group contents.?*® In comparison, the porosity decreases from 0.74 = 0.02 to 0.48 +
0.01 when we increased the PEGDA from 0.1 M to 0.5 M because of the higher
polymetric network density (Figure 35k). However, the porosity doesn’t further
decrease when we increase the AMPSA to 0.7 M because of the finite shrinkage of

the network chains. Apparently, the influence of PEGDA on the porosity is more
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significant than APMSA, and these results match well with the SEM images and
swelling behaviors.
Various definition and measurements of tortuosity have been reported from the

perspective of engineers geologists and chemists,>#¢ 247

but rarely studied for
hydrogels. In fact, hydrogels with low tortuosity is desired for supercapacitors®*® and
ion-based bioelectronic devices, so the investigation on the hydrogel tortuosity is in
demand. Figure 361 shows the definition of tortuosity: the ratio of the actual distance

that ions travel between two points by following the microchannel of the hydrogel to

the straight-line distance between the two points (Equation 18).

T= )L—( Equation 18

A material with perfectly straight pores will have a tortuosity of 1.2 Here we
extracted the tortuosity from Derr and €, according to Equation 17. show the
tortuosity increases with higher AMPSA, from 1.44 + 0.34 to 4.31 £ 1.33, which
could be attributed to the increased fixed charge sites that dictate the path ion
movement.>° Figure 36n shows that the tortuosity decreases with more PEGDA,
from 3.08 + 0.14 to 2.21 £ 0.23, because of the higher network density. Thus, the
charged monomer influences the tortuosity more than the crosslinker in

polyelectrolyte hydrogels.
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Figure 36 SEM of hydrogels: (a) AP/1/0.5, (b) AP/2/0.5, (c) AP/3/0.5, (d) AP/4/0.5,
(e) AP/2/0.1, (f) AP/2/0.3, (j) AP/2/0.5, (h) AP/2/0.7 hydrogels. Scale bar: 10 um. (i)
Schematic of porosity. (j) Porosity change while changing AMPSA. (k) Porosity
change while changing PEGDA. (I) Schematic of tortuosity. (m) Tortuosity change

while changing AMPSA. (n) Tortuosity change while changing PEGDA.

Table 6 Microstructure properties of the hydrogels.
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Swelling Ratio (%) Porosity Tortuosity
AP/1/0.5 268 + 16 0.39 +0.04 1.44 +0.34
AP/2/0.5 285+5 0.48 +£0.01 2.33+0.28
AP/3/0.5 298 +£2 0.56 +£0.02 2.87+0.39
AP/4/0.5 331+20 0.53 +£0.02 4.31+1.33
AP/2/0.1 1418 + 153 0.74 +£0.02 3.08+0.14
AP/2/0.3 454 + 12 0.60 = 0.02 3.12+0.62
AP/2/0.5 285+5 0.48 +£0.01 2.33+0.28
AP/2/0.7 242 +1 0.48 +£0.03 2.21+0.23
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Figure 37 Swelling ratio of hydrogels as a function of AMPSA and PEGDA.

5.3 Conclusion
In summary, we presented a comprehensive study on the electrical properties (the

ionic conductivity, charge carrier density, and effective diffusion coefficient) and
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microstructure (swelling ratio, porosity, and tortuosity) of a series of polyelectrolyte
hydrogel. We found that more AMPSA monomer results in higher ionic conductivity
due to higher charge carriers directly compensated by sulfonate groups. The charge
carriers also influence the hydrogel microstructure by altering the osmotic pressure
between the polymetric network and the environment, and therefore the swelling
ratios. By further analyzing the hydrogel microstructure by SEM, porosity, and
tortuosity, we found that the AMPSA can increase porosity and tortuosity of the
hydrogels, but shows negligible influence on the pore size. However, the excessive
hydrogel swelling from high AMPSA has the risk of device failure when the hydrogel
is integrated in bioelectronic devices. On the other hand, we found that increasing
PEGDA content crosslinker can reduce the amount of swelling by increasing the
crosslinking density. The relationship between effective diffusion coefficient and
porosity and tortuosity correlates the ionic conductivity and microstructure of
hydrogels, which can be applied to other ions and even small charged molecules. By
tuning the monomer and crosslinker, we provide a strategy to regulate the ionic
conductivity and microstructure of the AMPSA/PEGDA hydrogels that could also be
extended to other polyelectrolyte hydrogels and will enable applications of such

materials in bioelectronic devices to control ionic signals directly.

5.4 Experiments section
Hydrogel capillary fibers fabrication: AMPSA, PEGDA, and photo-initiator are

mixed in water at room temperature following the protocols in Table S1. The
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hydrogel solution was injected into the glass capillary fiber and exposed under UV
light (power: 8 mW / cm?, wavelength 306 nm) to finalize the ionic resistor

fabrication.

lonic conductivity measurement: All electrical measurements were performed using a
computer controlled Autolab potentiostat with analytic software Nova 2.0. PDMS
with punched holes is used as the substrate to make two isolated electrolytes
connected by the hydrogel glass fiber. Home-made AgCl wires are immersed in the

electrolyte as the electrode contact.

Swelling ratio measurement: First, we crosslinked 100 ul hydrogel solution in PDMS
well (8§ mm diameter) with UV exposure. Then, we placed each hydrogel sample in
excessive distilled water at room temperature for 48 hours to reach the equilibrium.
The weight of the swollen hydrogel was recorded as Wye. Then we dried the
hydrogel samples immediately using lyophilizer and recorded the weight of the dried

hydrogel as Wary. The swelling ratio is calculated by the following equation:

Wwet - Wdry
Wwet

swelling ratio =
Porosity measurement: By substituting Wywet by Wary, we got the weight of the water
in all the hydrogel pores and therefore the volumes of the pores, Vyore. By dividing

Vpore by the total volume of the hydrogel, 100 ul + Vpore, we calculated the porosity of
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each hydrogel. To achieve good precision, we measured 3 samples for each hydrogel

in each measurement and took the average of the results.

SEM: First, we crosslinked 100 ul hydrogel solution in PDMS well under UV
exposure. Then, we placed each hydrogel sample in an excess of water at room
temperature for 48 hours in order to reach the equilibrium. Right after this, we froze
the sample by liquid nitrogen and left them in the lyophilizer for another 48 hours.
The samples were sputtered with ~20nm of Au-Pd prior to imaging to prevent
charging. We used a FEI Quanta 3D Dualbeam microscope operated with the electron

beam at 5kV.

Materials: All the chemicals used are purchased from Sigma Aldrich and used
without further modification unless specifically mentioned. Glass capillary fibers (I.D.
=50 um, O.D. = 350 um) are purchased from Molex. Silver chloride wires are made

in house by chlorinating the silver wire with 100 mM KCI solution.
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6. Electrophoretic Delivery of ions and biomolecules with bioelectronic

devices

6.1 Delivery of Acetylcholine by polyelectrolyte hydrogel

The porous structure of hydrogels enables the delivery of not only ions, but also
biomolecules with larger size. Here is an example of ion pumps that use hydrogels as
the ion exchange materials to deliver neurotransmitter, acetylcholine.

In conventional ion pump with horizonal geometry (Figure 38), the reservoir and
target are connected by an ion exchange membrane from left to right, and SUS8
microfluidic channels are used to isolate the two electrolytes and microfluidic tape are
used to seal the channel, which causes bubbles in the microfluidic channel and

subsequent device failure and cell death in long term experiments.

Reservoir Target
. L4 L d . .
He
y H*
H H* H' H 0000

L T R

Vies . Vie

Figure 38 Horizonal ion pump.

Figure 39 shows the schematic of the vertical ion pump, in which the reservoir and
target are connected by hydrogels from down to top. Thus, the reservoir and target are
much far from each other and we don’t need microfluidic tape to seal the channel. In
comparison to the fabrication of ion exchange membrane by spin coating and

photolithography in the horizonal ion pumps, the integration of hydrogels with the
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SU8 microfluidic channels are more challenging. First we use a water soluble tape to
seal the SU8 opening in the target chamber; then we inject the hydrogel precursor
solution made from 2-Acrylamido-2-methyl-1- propanesulfonic acid (AMPSA)
crosslinker by Poly (ethylene glycol) diacrylate (PEGDA) in the SU8 microfluidic
channel and use UV to crosslink the solution into hydrogel; finally we remove the

water soluble tape by dissolving the tape using water.

Water-soluble tape

WLlE  Fill hydrogels in 1 s
the SU8 channel
SU8 - SuU8

Figure 39 Fabrication of hydrogel in the vertical ion pump.

The bonding between the SU8 channel and the hydrogel is problematic. Hydrogel
came out of the SU8 channels of the ion pump while swelling if there is no surface

treatment on the SU8 channel to bind them together (Figure 40).
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Figure 40 Hydrogel swell out of the SUS microfluidic channels into the target

chamber when there is no silane treatment.
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Figure 41 Reactions of SUS surface treatment and hydrogel binding.

—O—®:

First we used the same protocol that we treated glass capillary fiber as we shown
above: flow 10 wt% A174 in toluene in all 9 SUS8 channels by syringe pump (Figure
42). It works but brings new risks to the device in this process: (1) PDMS swells in
toluene and causes detachment of PDMS and SUS substrate; (2) the microfluidic
tubings used to inject the solution have the risk to destroy the bonding of PDMS and
SUS; (3) The water soluble tape used to seal the SU8 opening temporally will lose

effect with time and the contact with the solvent.
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Figure 42 SUS surface treatment by A174 in toluene.

To optimize this process, we used chemical vapor deposition (CVD) to deposit A174
monomer. In detail, we activate the surface of SU8 channels by O, plasma as usual,
and then put the devices in the CVD chamber with A174 at 85C for 3 hours. By doing
so, we avoided using any polar solvent that may affect the PDMS, and the mechanical
risk induced by plugging microfluidic tubings in and out of the device. Additionally,
we can do surface treatment on more than 10 devices at once, which significantly

increases the fabrication efficiency.
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Figure 43 SUS surface treatment by A174 vapor in CVD.

Figure 44 shows the devices filled with hydrogels, whose channels are treated with

A174 vapor and the hydrogels are kept in the channel without slipping out.

Figure 44 Devices with SUS surface treatment.

The second challenge of integrating hydrogels in the device is that hydrogels
naturally absorb large amount of water and swell in aqueous environment, which
break the SU8 microfluidic channels. Figure 45 shows that after the successful
surface treatment of SU8 channel, the hydrogels are kept in the SU8 channels instead
of slipping out from the SU8 openings. However, the hydrogel swells within the

channels and breaks the channels.
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Figure 45 Hydrogels that swell too much break SUS channels.

I optimized the protocol of hydrogels to reduce the swelling behavior while
maintaining the ionic conductivity by tuning the ratio of monomer, AMPSA, and

crosslinker, PEGDA, according to the research shown in the previous section.

The porous hydrogel structure enables the delivery of large biomolecules. As a proof-
of-concept, we delivered acetylcholine using this ion pump.

Acetylcholine, as a typical biomolecule, is the primary neurotransmitter of the
parasympathetic nervous systems in the brain and body of many types of animals
(including human) and shown to markedly stimulate the proliferation of cells (Figure
46). Because of the acetylation at the oxygen atom, acetylcholine possesses a highly
polar, charged ammonium group preventing penetrating lipid membranes. Herein, we

use acetylcholine as the first choice of biochemical signal to increase cell innervation.
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Figure 46 Molecules structure of acetylcholine.

We delivered Acetylcholine from reservoir (100mM Acetylcholine chloride (AchCl))
to the target and measured the Ach+ by Amplex Red Acetylcholine/

Acetylcholinesterase Assay Kit (ThermoFisher, A12217).

The Amplex Red Acetylcholine/Acetylcholinesterase Assay kit, providing an
ultrasensitive method, supports operators to detect acetylcholine (Ach) in a
fluorescence microplate reader (we used 96 wells plate here) or fluorometer. In this
facile assay, acetylcholine is converted to choline under the action of
acetylcholinesterase initially. Choline oxidase oxidizes choline to oxides consisting of
betaine and H»O,, the Ilatter of which, reacts with 10-acetyl-3, 7-
dihydroxyphenoxazine (Amplex Red reagent) in a 1:1 stoichiometry to generate the
highly fluorescent product resorufin, in the presence of horseradish peroxidase. This
kit is amenable for detecting acetylcholine level with a range of detection from 0.3
uM to 100 uM (Figure 47). After reaction was incubated at room temperature, the

quantity of fluorescence product was measured with a fluorescence microplate reader.
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Figure 47 Detection of acetylcholine. 200 uM Amplex Red reagent, 0.1 U/mL choline
oxidase, 0.5 U/mL acetylcholinesterase, 1U/mL HRP and the indicated amount of
acetylcholine in 1X Reaction Buffer are contained in each reaction at ambient
temperature. After approximately 30 mins, the measurement of fluorescence detection

at 590 + 10 nm was determined by a fluorescence microplate reader.

Figure 48a shows the photo of the device and experimental setup for Ach™ delivery.
AgCl glass electrode and AgCl wire electrode contacts are cathode and anode and
immersed in the target and reservoir electrolytes to close the circuit. 100 mM AchCl
was delivered to target solution (1x buffer) and the Ach in the target solution was

collected and measured by ELISA kit.
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Figure 48 Photo of experimental setup for Ach+ delivery of device, AgCl glass
electrode and AgCl wire electrode contact are cathode and anode and immersed in
two solutions, respectively; (B): Schematics of experimental setup. Target solution

was Ix buffer with 300 uL and the reservoir was 100 mM Acetylcholine chloride.

While the device is run for 20 min continuously, we collected 150 pL solution every
5 mins and added equivalent amount of buffer to the target. ELISA kit converted
acetylcholine chloride to H20O> reacting with Amplex red reagent and generated
fluorescent product resorufin. We tested two devices with a total of three channels

successfully and the results are shown below:
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Figure 49 The experimental result of channel 1 in device 1. According to the diagram,

short running time is preferable with a high efficiency (~50 %).

For the channel 1 of device 1, the current was 2.6 pA and the measured Ach®
concentration of target solution was 1.4 + 0.3 mM. Figure 49 shows that the delivered
Ach” at 5 min, 10 min, 15 min, and 20 min, as well as the measured electrical charges
in the circuit at each time point. By dividing the delivered Ach™ by the delivered ¢,

we got the efficiency at different time, 50 £ 10 %.
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Figure 50 The experimental result of channel 2 in device 1. The diagram also shows

that longer running time will result in low efficiency because of the depletion zone in

the reservoir.

As for the channel 2 of device 1 (Figure 50), the current achieved 2.9 pA and the

delivered concentration was 0.9 £ 0.3 mM. The efficiency is about 30 + 10%.
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Figure 51 The experimental result of channel 1 in device 2.

The current of channel 1 in device 2 was high (13.5 pA) but the delivered Ach*
doesn’t increase significantly, 2.4 £ 0.3 mM. The calculated efficiency is only 17 +
2%. The reason could be that more side reactions, such as water splitting, happened
and reduced the delivery efficiency. Thus, higher voltage, higher current may not
improve the actual delivery amount. Additionally, we noticed that the delivery
efficiency decreased with time, which is due to the exhausted area in the reservoir.

Short time is preferable, which can be achieved by pause signals.
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Figure 52 Current data of three devices within 100 ms.

Figure 52 shows that the currents when we applied 1 V for 100 ms, and pulsed for
100 ms. By repeating the experiment for 100 cycles, we were able to collect the target
solution and measure the Ach” concentration (Table 7). The efficiency is generally

higher than that of the continuous delivery.

Table 7 Ach™ delivery

Device Delivered Delivered Ach*in  Efficiency  Delivered e in 100  Delivered Ach* in 100

charge (C) total (M) (%) ms (C) ms in 1 nL (mM)
1 4.3E-4 2.6E-9 58.4 3.9E-7 = 1.6E-9 3.1+0.01
2 2.3E-4 1.8E-9 77 4,5E-7 + 5.7E-9 3.6 +0.05
3 7.4E-5 2.2E-10 28 1.43E-7 = 1.40E-7 0.42 = 0.41

Furthermore, we validated the experimental results by modelling the experiment via
Comsol software.

COMSOL physics modeling of the system was used to verify the experimental results.
For the initial condition, we took the delivered Ach+ in 100 ms of Device 3, which is
the lowest value among all three devices and other devices all exhibit better
performance. Here we assumed that the diffusion is dominant in the system, which is
expected because the voltage drop occurs primarily across the hydrogel channel. A
Imm x Imm x 0.lmm volume describes the area in the cell-culture microfluidic
immediately around the array. Figure 53A shows the Ach® change over the pore
opening after 100 ms delivery, which shows a high-resolution pH gradient around the

ion pump pore.
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The FWHM of the Ach+ distribution was examined at 100ms of Ach+ pumping to
examine the spatiotemporal resolution of the pump (Figure 53B, C). The Ach+
observed at the pore opening with a 100ms pulse at the distance of 10 um Ach+ is 2.5
mM with a FWHM of 38.8 um after 100 ms. As the Ach+ diffuse out from the pump
pore, they expand in a semi-circle. This means that at different heights form the pump
pore, the FWHM will have different values. Since, on this in-vitro chip cells will be
cultured at the top of the channel, it makes sense to look at the FWHM at 40-100pum
vertically from the pore. With this in mind, we predict a 100um FWHM pulse is

achievable by operating the pump for 100 ms with the device.
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Figure 53 (A) COMSOL model of Ach+ concentration after 100ms of Ach+ injection.

(B, C) FWHM at different heights above the ion pump pore from COMSOL model.
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6.2 Chloride pump

Translation between ionic currents and measurable electronic signals is essential for
the integration of natural system and artificial bioelectronic devices. Chloride ions
(Cl) play a pivotal role in bioelectricity, and they are involved in several brain
pathologies, including epilepsy and disorders of the autistic spectra, as well as cancer
and birth defects. As such, controlling [CI] in solution can actively influence
biochemical processes and can be used in bioelectronic therapies. Here, we
demonstrate a bioelectronic device that uses Ag/AgCl contacts to control [Cl] in
solution by electronic means. We do so by exploiting the potential dependence of the
reversible reaction, Ag + Cl- <> AgCl + ¢, at the contact/solution interface, which is
at the basis of the well-known Ag/AgCl reference electrode. In short, a negative
potential on the Ag/AgCl contact transfers Cl° from the contact to the solution
increasing [Cl] and vice versa. With this strategy, we demonstrate precise
spatiotemporal control of [Cl] in solution that can be used to affect physiological
processes that are dependent on [Cl]. As proof-of-concept, we use [Cl] control to

affect the membrane voltage on human pluripotent stem cells.

6.2.1 Introduction
Ranging from intercellular communication to organ function, ionic species play an
important role in natural systems.>>! A majority of physiological processes, such as

muscle contraction, neuronal signaling, and metabolism, involve the exchange of ions
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22 On the other hand, electrons and holes dominate communication

between cells.
between electronic devices. Bioelectronics bridges natural systems and electronic
devices by translating ionic signals in the body into electronic signals for sensing and
control.!? 31 253255 Tontronic devices, for example, address individual ions and small
molecules to control specific physiological pathways. 23 236 257 These include the
precise delivery of Ca?’, K* and gamma-Aminobutyric acid (GABA) to control
epileptiform activities, and treat neuropathic pain with low dosage and less side
effect.?% 28 To this end, our group has demonstrated the control of H' in field-effect

8

transistors 2°® and memories*°, enzymatic logic gates and bioluminescence'??, ion

260-263 264, 265

channel devices , H" modulators for delivery of cargo and glucose
sensing?%. These devices are enabled by using Pd/PdHx contacts, also known in the
reversible H reference electrode, to translate electronic signals into H* signals. This
translation occurs according to the potential dependent reversible reduction, H" + ¢
<> H, at the Pd/PdHx - solution interface and the subsequent physisorption of H onto
Pd to form PdH,.!3! An electrical potential applied on the Pd/PdHx contact shifts the
reaction equilibrium and induces the transfer of H' to and from the solution, which
effectively controls [H'] in the solution. CI" is a major anion in physiological
environment and functions importantly in many fundamental biological processes,
including regulation of intracellular pH gradients, maintenance of intracellular

volume, and resting membrane potential.26¢-2%° Controlling [CI] in solution has great

significance in regulating extra- and intra- cellular distribution of chloride, which
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influences cell growth and differentiation, metastatic conversion, patterning of
innervation, and neuronal excitability in the central nervous system,?6%-272

Here, we control [CI'] in solution by exploiting perhaps the best-known reference
electrode, Ag/AgCl.2"327* We do so by driving the reaction Ag + Cl- <> AgCl + ¢ out
of equilibrium condition with a potential (Vci-) on the Ag/AgCl contact to effectively
transfer Cl- across the contact / solution interface (Figure 54). While Ag/AgCl is a
well-known system, the use of Ag/AgCl to control [Cl] as an e to CI" transducer has
yet to be reported to the best of our knowledge. Furthermore, we adapt Ag/AgCl
contact to a bioelectronic device, a chloride modulator with a Chloride reservoir and a
target chamber that is able to host cells. We use this Chloride modulator to

demonstrate proof-of-concept actuation of membrane voltage (Vimem) on human

pluripotent stem cells (hiPSCs).

6.2.2 CI to electron transducer

First, we use an Ag/AgCl wire as a chloride transducer to show the ability of
Ag/AgCl to control [CI] in solution. We do so in a standard three-electrode
configuration with the Ag/AgCl wire as working electrode (W), a glass Ag/AgCl as
the reference electrode (R), platinum (Pt) wire as the counter electrode (C). Figure
54a describes how an anodic voltage, Vci., transfers Cl” from solution to the Ag/AgCl
wire according to Ag + ClI" — AgCl + e and thus reduces [Cl]. The excess e flows
out of the Ag/AgCl contact into the lead. We use (N-(Ethoxycarbonylmethyl)-6-

Methoxyquinolinium Bromide) (MQAE) to monitor [Cl]. MQAE is a diffusion-
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limited collisional Cl-quenched fluorescent dye whose intensity decreases when [Cl']
increases. We calibrate MQAE using the Stern—Volmer equation (Figure 55) and
quantify [CI].2”7 Figure 54b shows [CI] decreases from 50 mM to 32 mM when V¢i.
= 0.4 V for 100 s. Figure 54c describes how a cathodic voltage, Vci., transfers CI
from the Ag/AgCl wire to the solution according to AgCl + e — Ag + Cl" and thus
increases [Cl']. Figure 54d shows that [Cl] increases from 0 mM to 48 mM when Vci.
=-0.4 V for 100 s. These ranges and changes for [Cl] are comparable to changes in

266

[CI] plasma, interstitial fluids, and intracellular fluids “°° and they are thus relevant

for biological applications.
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Figure 54 Schematic of prototype chloride transducer and working mechanism. This
setup has a standard three-electrode configuration. MQAE is a fluorescence dye
monitoring [Cl'] change in solution, whose intensity increases with lower [Cl]. (a)
Anodic voltage transfers CI from solution into the Ag/AgCl contact, which decreases
[Cl] and brightens MOAE. (b) [Cl'] changes from 50 mM to 32 mM by applying 0.4
V for 100 s. (c) Cathodic voltage transfers CI from the Ag/AgClI contact into solution
thus increasing [Cl'] and quenching MQAE. (d) [Cl'] changes from 0 mM to 48 mM

by applying -0.4 V for 100 s.

We use Keyence fluorescence microscope to take images of MQAE solution in the
PDMS wells using DAPI filter, and ImagelJ to analyze the fluorescence intensity.
According to Stern—Volmer equation (Equation 19), [Cl'] shows linear relationship
with (Fo/F — 1) between 0 — 100 mM.?’® We did the calibration by making 100 uM
MQAE solution in 0 mM, 2 mM, 8§ mM, 10 mM and 50 mM KCI solution and
measure the fluorescence intensity with the same imaging parameters, as shown in
Figure 55. We’re able to convert the intensity of the MQAE to [Cl] to estimate the
[CI] in the solution.
F?O — 1 = K5y [Cl™] Equation 19

where Fo is the fluorescence intensity without CI; F is the fluorescence intensity in

the presence of Cl'; Kgy is the Stern—Volmer constant.
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Figure 55 Stern—Volmer plot for quenching of MOAE by chloride. The volume of the

solution is 20 uL.

One of the advantages of using AgCl to transfer Cl" to and from solution is the fact
that AgCl is selective to Cl and is able to affect [Cl] in physiological conditions with
little to no interference from other ions. To this end, we demonstrate that the CI°
transducer works in a complex solution such as stem cell culture media
(Neurobasal™-A Medium, ThermoFisher) that contains 79.6 mM NaCl, 26 mM
NaHCOs3, and 0.9 mM KH>PO4. With V- = 0.6 V for 100 s, we are still able to
remove Cl” from solution and reduce [Cl] from 79.6 mM to 47 + 2 mM. Repeating
the experiment without HCO3™ and H2POy ions leads to the same result with the final
[CI] = 46 =+ 5 mM (Figure 56). While we are not able to monitor the change in

concentration of the other anions, these results indicate that the presence of other
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anions does not affect the CI" transducer indicating that AgCl is indeed specific to CI.
From our work with the AgCl wire, we found that transferring Cl" from the Ag/AgCl
contact into the solution is more efficient than transferring Cl- from the solution to the
contact. One of the reasons can be that when applying an anodic voltage, Cl are
absorbed into Ag/AgCl electrodes immediately and a depletion area forms around the
electrodes.?’”” Then, the reaction is limited by CIl- migration to the contact/solution
interface. We further investigate the electrode kinetics of Ag/AgCl conversion in the

next section to verify the hypothesis.
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Figure 56 Selectivity of AgCl to CI in stem cell culture media.

6.2.3 Kinetics of the conversion between Ag and AgCl

To better understand and optimize the Cl transducer, we investigate the kinetics of
CI' transfer at different potentials. Surprisingly, not many investigations on the
kinetics of the conversion between Ag/AgCl under dynamic polarization or under

other non-equilibrium exist.?®® For a Ag/AgCl electrode in solution containing CI,
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the CI" in the AgCl are in equilibrium with the [CI'] in solution. As such, a Ag/AgCl
contact shows a lower electrode potential in a solution with higher [Cl'] and vice

versa.2®’

The well-known Ag/AgCl reference electrode takes advantage of this
relationship by reading a constant potential when encapsulated in an internal
electrolyte with a constant [CI].28" AgClI has been used as gate electrode in organic
electrochemical transistors (OECTs), which utilized its faradaic reactions in halide
electrolytes to achieve higher current modulation compared to Pt electrodes.?®?
However, there are few work exploring the dynamic change of Ag/AgCl system.
Little is known about the kinetics of the conversion between Ag and AgCl.280: 283
Although people have reported the open circuit potential (OCP) and cyclic
voltammetry (CV) of Ag/AgCl, the analysis about the conversion between e and CI
is absent. Here, we explore the kinetics of Ag/AgCl conversion of miniaturized on-
chip Ag/AgCl nanoparticles (NPs) electrodes. We use Ag/AgCl NPs to create an
interface with higher surface area and capacitance for better conversion efficiency.?®*
The conversion between Ag/AgCl under non-equilibrium conditions is consistent
with Cl/e” transformation, which is critical for controlling [CI] with electronic means.
We electroplate Ag NPs on thin-film Au contacts and chlorinate the Ag NPs into
Ag/AgCl NPs in a 50 mM KCI solution (Figure 57). The bare Ag/AgCl NPs
electrode we make here is a “quasi-reference electrode”, whose electrical potential
depends on [CI] in solution according to the thermodynamically-based Nernst

relationship.

114



Ve = V5 _ —0.0591g[Cl"] Equation 20

where V) _ is the standard potential of Ag/AgCl.

Electroplating Ag/AgCI NPs:

Figure 57a shows that silver chloride nanoparticles (Ag NPs) are electroplated on top
of thin-film gold contacts on glass (2*2 mm?). The electroplating process is
accomplished from 10 mM AgNOsz in 0.1 M KNO;s using a three-electrode
configuration at room temperature. An Ag/AgCl pellet serves as reference electrode,
and a platinum wire coil serves as counter electrode. The following procedure yields
the most repeatable and stable results among several plating procedures tested. First,
we applied -0.3 V on Au contact for 150s and the surface becomes silver white color.
In this process, approximately 0.005 C charges are measured in the circuit, which
theoretically equals to the amount of Ag” deposited. Then, we oxidize approximately
20% Ag NPs to AgCl NPs by applying a constant anodic current (100 uA) for 10s on
Ag NPs in 50 mM KCI solution at room temperature. We observe a clear color
change from silver white to dark grey indicating the formation of AgCl NPs.
Furthermore, we inspect the surface morphology with scanning electron microscopy
(SEM). Figure 57b shows Ag NPs electroplated here, which uniformly covers the
whole electrode surface. With higher magnification, it shows the signature cubic
geometry of Ag NPs with 200 nm grain size in Figure 57c. Figure 57d shows 20%

chlorinated Ag/AgCl NPs. It’s clear that an additional layer is visible on top of Ag
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NPs, and the grain of AgCl NPs is more amorphous with approximately 500 nm size.
With further chlorination of Ag NPs (40%), the SEM image in Figure 57¢ shows

more AgCl NPs.

(@ (b) (c)

Figure 57 (a) Ag/ AgCl NPs electroplating and chlorination. (b-e) Morphology of
Ag/AgCl NPs by SEM images of (b) Ag NPs after electroplating; (c) single Ag NPs
with the signature shape, (d) Ag/AgCI with 20% chlorination, (e) Ag/AgCIl with 40%

chlorination.

Ag/AgCl conversion depends on [CI] in solution and the applied potential (Vcr.).
Here we record the open circuit potential (Vocp) of Ag/AgCl contact in various [Cl]
solution under equilibrium conditions with a three-electrode configuration at room
temperature. Figure 58a shows the Vocp of Ag/AgCl in 1 mM, 10 mM, 100 mM and
1 M KCl, respectively. Vocp and logarithmic scale of [Cl'] shows a linear relationship
with a slope of -55.35 mV and R? = 0.99, as expected from the Nernst equation. We
use the values of Vocp to define process map for the Cl transducer as a function of

[CI] and Vi (Figure 58a). The straight line in the graphs joins the Vocp’s at different
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[CI] and represents equilibrium (as many CI transfer from the solution into the
electrode as they transfer from the electrode into the solution). This line also marks
the threshold of the Ag/AgCl conversion. For a combination of V¢i- and [Cl] in the
gray area below the line, CI" transfer into the solution increasing [Cl] and for a
combination of V¢i- and [Cl] above the line in the white area CI™ transfer from the

solution decreasing [CI].
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Figure 58 Kinetics of the conversion between Ag/AgCl. (a) The linear relationship
between Vocp and logarithmic scale of [Cl] represents equilibrium as well as the
threshold of Ag/AgCl conversion. In the white area above the line, AgCl + e — Ag +
Cl; in the gray area under the line, AgCl + e «— Ag + CI, (b) CV of Ag/AgCI
electrodes with a series of scan rates, 20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s, 100 mV/s.
The redox peaks show that the reaction is electron transfer dominated, and the
current increases with higher scan rate due to reduced diffusion layer. (c)
Relationship of anodic peak current of Ag/AgCl (Ici.pear) versus square root of the

scan rate in CV measurements. The excellent linear relationship shows that the
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reaction is limited by the diffusion of CI to the electrode following Randles—Sevcik

equation.”” The standard error is derived from 3 electrodes.

To further study the electrode kinetics at the interface of Ag/AgCl contact and
solution, we investigate the limiting mechanism of this electrochemical reaction
(Figure 58b). In detail, we cycle the voltage of Ag/AgCl NPs electrodes between -0.8
V and 0.8 V, versus a glass Ag/AgCl electrode. Pt wire is the counter electrode as
usual. We use a series of scan rates, 20 mV/s, 40 mV/s, 60 mV/s, 80 mV/s and 100
mV/s, respectively. Taking 40 mV/s as an example, the interfacial reaction can be
explained as below. During the scan of Vci. from 0 V to 0.8 V, CI" is absorb onto
Ag/AgCl and oxidizes Ag to AgClL. Ici. increases to a peak with higher Vci. and then
becomes smaller by the delivery of Cl° from the bulk solution. Thus, the mass
transport of Cl° becomes the limitation of the electrochemical reaction, and the
current decays gradually.?®> After the scan direction is switched to negative, Vci. is
still sufficiently positive to oxidize Ag, so Ici. continues until Vci. becomes strong
enough to reduce AgCl. Then CI  starts to be released from the electrode, reaches a
cathodic peak and decays as AgCl is consumed. With the scan rate increase, the
diffusion layer becomes smaller and it takes less time to record one cycle, inducing
Ici. increases.?®® 287 The measured current in CV with a redox couple is mainly
faradaic current, which is from the charge transfer at the interface of the electrode
contact/solution and depends on the kinetics of charge transfer at the surface and the

redox species diffusion to the surface.?®® We plot the peak currents (Ici-peak) of CV
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versus the square root of scan rates of 3 electrodes in Figure 59, which all show an
extraordinary proportional relationship, and the standard error is shown in Figure 58c.
According to Randles—Sevcik equation (Equation 21), the analytes, Cl, are not
adsorbed on the electrode but freely diffused in the solution. Thus, we conclude that
Ag/AgCl conversion is a Cl-diffusion controlled reversible electrochemical

reaction.28?

nFvD
RT

1
Ici—pear = 0.4463nFAC( )2 Equation 21
Where Ici-peak, R, F, T are peak current of cathodic or anodic reaction, gas constant,
Faraday constant, absolute temperature, respectively. A, C, D, v, are electrode area,

concentration of the analyte, diffusion coefficient and scan rate of CV.

4 5 6 7 8 9 10

(Scan Rate, mV/s)"/2
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Figure 59 Relationship of anodic peak current of Ag/AgCl (Ici.pear) versus square
root of the scan rate in CV measurements of 3 AgCIl NPs electrodes, which all show

excellent linear relationship.

The slight difference of the slope is from the surface area difference of each electrode
according to Randles—Sevcik equation, which happens in the AgCl NPs deposition

process.

6.2.4 Chloride modulator with cells

As the translation between Cl” and e is in parallel with the conversion between
Ag/AgCl, which depends on Vci. and [CI] in solution, we can feasibly adapt
Ag/AgCl electrode to various bioelectronic devices and utilize it to selectively control
[CI] in solution with Vci.. Here we design a chloride modulator, which transfers CI°
from a reservoir electrolyte with rich Cl" source to a target electrolyte under control.
The Ag/AgCl NPs are the working electrode. The selectivity of AgCl to Cl ensures it
a storage media specifically to Cl and allows Cl to move between reservoir and
target depending on Vci.. Thus, the chloride modulator can manipulate [C1] in a much
more extensive range than a single Ag/AgCl contact. As proof-of-concept, we culture
cells in the target chamber and study the effect of [C1l"] modulation on their function.
Figure 60a shows the schematic of the chloride modulator (side view), and the design
is similar to previously reported proton modulator with Pd/PdHy electrodes.?** The

chloride modulator is composed of two independent chambers, referred as reservoir
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(left) and target (right), respectively, connected by an anion exchange membrane
(AEM). Figure 60b shows the optical image of the device. Reservoir has 0.1 M KCl
to provide a rich CI" source, and we change [CI'] of the target solution, which can
contain 100 uM MQAE in DI water (Figure 60c), or cells (Figure 60d, ¢). We use an
Ag/AgCl NPs microelectrode as the working electrodes, providing multiple
independent openings for CI" to enter / leave the target solution. Here we define the
potential different between Ag/AgCl and Pt electrode in reservoir as Vcigr, the
potential difference between Ag/AgCl and Pt electrode in target as Vc.. AEM is a
polymer with high conductivity for anions due to their large amount of fixed cationic
groups that support the storage and transport of mobile anions through the membrane,
and its exclusion to cations ensures the majority of measured currents are from the
moving of anions.?®® Here, AEM is a mixture of polyvinyl alcohol (PVA) and Poly
(diallyldimethylammonium chloride) (PDDA), which work as the hydrophilic matrix
and polycation, respectively. To avoid the undesirable passive diffusion current
caused by the [Cl] gradient between reservoir and target, we pattern a thin cation
exchange membrane (CEM), PVA and polystyrene sulfate acid (PSS) mixture at the
opening of the MEAs to form a Donnan exclusion barrier. The AEM and CEM
function together to provide a bridge that allows for an electrophoretic CI" flow
during stimulation with a voltage across the bridge and minimization of passive

diffusion current. More details about device fabrication are in Figure 62.
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Figure 60 Chloride modulator. (a) Schematic of the chloride modulator (side view)
and operating principle. Reservoir and target are connected by an anion exchange
membrane (AEM), in which CI are driven by Vcir Reservoir has a high [Cl]
solution providing CI source, and [CI] in target is under control. (b) Optical image
of the chloride modulator. The reservoir (black line) and target (red line) are
separated by SU 8 microfluidic channels and the holes on the glass slide provides the
inlet and outlet. (c) [ClI] change results from the 4-step process in Table 1 for 3
cycles, which is indicated by the MQAE fluorescence intensity. Temporal change

corresponding to each step is shown with different colors in the second cycle as a
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representation. (d) Vmem change of cells results from the same operation is indicated
by ArcLight fluorescence intensity. The data come from 3 devices. (e) Fluorescence

images of the cells over MEAs with high Vienm (t = 75 s) and low Viyem (t = 119 5). The

highlighted row is under operation.

Table 8 4-step process that modulates [Cl] in target solution

Vcr, r Vo Time

Step [CI]

V) V) O
1 Transfer Cl” from Reservoir to AgCl 2 0 5 High
2 AgCl release CI to Target 0 -1.5 30 High
3 Remove CI" from AgCl to Reservoir -1 0 5 Low
4 AgCl absorb CI" from Target 0 1 10 Low

We design a 4-step process in Table 1 to control [Cl] in target solution periodically
by driving CI" from and back to the reservoir, which results in the [Cl] changes
shown in Figure 60c. The Cl" modulator also achieves diffusion limited spatial
resolution with larger [Cl] changes occurring close to the contacts that are active,

with little or no [Cl] changes observed in the non-active region (Figure 61).
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Figure 61 Diffusion limited spatial resolution of the CI modulator.

In Figure 61, we activate microelectrodes in area A, and analyze [CI'] distribution in
area A, B, C. When we transfer CI" from reservoir to target solution, [Cl] change in
area B is slightly less than that in area A, because there are sufficient Cl supply from
reservoir. However, it shows much less change when transferring Cl- from target
solution to the reservoir, because the reaction to absorb Cl™ from target solution is
confined by CI diffusion from area B to area A. Moreover, when the distance gets
further to area C, [Cl] change is significantly less and shows temporal delay

compared to that in area A.

As proof-of-concept, we used the chloride modulator to study the effects of
extracellular [Cl] on human pluripotent mammalian stem cells (hiPSCs) and their
Viem (Figure 60d and e). A cell’s resting potential, Vmem, is an electrical control
signal that occurs between the inside of the cell and the extracellular environment.?%”

Vmem affects cell physiology and functions such as proliferation, differentiation,
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migration and apoptosis, as well as cell-cell communication, and large-scale
morphogenesis.?*

Chloride is the major anion in extracellular environments. In hiPSCs, an increase in
extracellular [CI7] results in cell hyperpolarization (higher Vmem), and a decrease in
extracellular [C1] results in cell depolarization (lower Vimem).>’! We measure Vimem of
the hiPSCs using ArcLight, a fluorescent reporter that we expressed on the cell
membrane, whose fluorescence intensity increases when Vmem increases.?®? By
switching the environment between high [Cl] and low [C]] conditions using the same
protocol in Table 1, we observe that Vimem of hiPSCs shifts with the expected pattern
as measured by the ArcLight fluorescence intensity (Figure 60d). Figure 60e shows
the fluorescence images of the cells at t = 75 s and t = 119 s, corresponding to high
(hyperpolarized) and low Vmem(depolarized), respectively. This change in
fluorescence occurs close to the activated area and not far away from the active
electrodes indicating that the induced change in [Cl] is responsible for the measured
Vmem change. While this is a proof-of-concept, it shows how the Cl- modulator is able

to affect cell function.

6.2.5 Conclusion

Ag/AgCl is a well-known reference electrode that has been used in electrochemistry
for decades. Here we first demonstrate Ag/AgCl as a Cl transducer that controls [Cl]
by transferring Cl" from and to solution controlled by an applied voltage, Vci..

Furthermore, we investigate kinetics of the conversion between Ag/AgCl by
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electrochemical techniques, which is consistent with Cl/e” transformation and critical
for controlling [CI] with electronic means. This control paves the way to the
integration Ag/AgCl into complex bioelectronic devices, for dynamic control of
bioelectric signaling in vivo and in vitro models of physiology and morphogenesis.
As a proof of concept, we adapt Ag/AgCl into a chloride modulator that precisely
regulates [CI] in solution and affect membrane voltage of pluripotent stem cells.
Since CI" is a critical anion in bioelectricity, the accurate regulation of [Cl] is

currently in high demand and has potential in bioelectronic therapies.

6.2.6 Experiment section
Materials:
All materials are purchased from Sigma-Aldrich and used without further

modification unless specifically mentioned.

Electrochemical characterization
All the electrochemical characterization is done on a computer controlled Autolab

potentiostat with analytic software Nova 2.0.

Device Fabrication: Micrometer size ClI° modulator was fabricated using
photolithography. Glass slides were sonicated for 20 min in 80% v/v acetone and
20% v/v iso-propanol (IPA), and dried with N>. S1813 (Dow chemicals) photoresist

was deposited on top of the glass substrates, following standard protocols

126



(spin-coated at 3000 rpm, baked 1 min. at 110 °C) to create the Au patterns. Ti 10 nm
and Au 100 nm were evaporated using an e-beam evaporator, and a lift-off process
(sonication in 80% v/v Acetone and 20% v/v IPA for 5 min) defined the metal
contacts and interconnects. An additional S1813 process defined the area of the Au
contacts for electrodeposition of Ag/AgCl NPs and Pt NPs, while the metal
interconnects were insulated. Then, a 1.4 pm insulating layer of parylene-C was
deposited (Specialty Coating Systems Labcoter 2 system) in the presence of A174
adhesion promoter in the deposition chamber. The parylene was etched with an
oxygen plasma at 200 W with the regions over the electrodes and contact pads
exposed, and the interconnecting regions protected by a thick positive photoresist
(SPR220-4.5, Micro-Chem Corp.). Prior to deposition of polymer, wafers were
treated with the a 5% solution of (3- Glycidyloxypropyl)trimethoxysilane (GOPS) in
ethanol via spin coating at 1000 rpm for 30 s and then baked at 110C for 5 minutes to
promote adhesion of the polymer. The AEM is a blend of 10 wt% polyvinyl alcohol
(PVA) and 20 wt% Poly (diallyldimethylammonium chloride) (2:1 weight ratio),
which was thoroughly mixed (PVA: PDDA solution) and sonicated for 45 min. The
PVA: PDDA solution was filtered with a filter porous size of 0.8 um and was
spin-coated on top of the samples at 1500 rpm for 30 s and baked in 120 °C for 2h,
yielding a film thickness of 2 um. The PVA: PDDA AEM was etched with an oxygen
plasma at 200 W with the desired pattern defined with SPR220-4.5 photoresist. A
second 1.4 pm coating of parylene was then deposited with the same protocol as

above to insulate and protect the ion bridge from the subsequent steps. To promote
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adhesion between the parylene and SU8 photoresist, GOPS was again deposited using
the above process prior to SUS8 patterning. SU8 was spun onto the wafer at a speed of
1000 rpm for 30 s and a ramp of 300 rpm, microfluidic channels of height 40 um
were patterned forming the sidewalls reservoir and target chambers. The parylene
insulation layer protecting the ion bridge openings in the reservoir and target channels
were defined and etched using the same process as the previous parylene etch. Then,
a mixture of 8%wt polyvinyl alcohol (PVA) and 2% polystyrene sulfonic acid (PSS)
in water was then passed through a 0.8 um MCE syringe filter and spin coated at
3000rpm for 30s followed by baking at 120C for 2 hours. The polymer film was
patterned in SPR220 photoresist and etched with O2 reactive ion etching. Finally,
Single sided microfluidic diagnostic tape (3M 9956) was cut by CNC machine to
make the openings over AgCl MEA for imaging and then aligned to features on the

device and pressed to seal the microchannels by hand.

1. Deposit electrodes/traces 2. Functionalize electrodes with Ag NPs 3. Parylene-C Insulation

AAAAA AA AAAAA AAAA AA AAAAA

4. Anion Exchange Membrane S. Parylene-C Insulation 6. SU8 microfluidics walls

S — m u

Expose electrodes and ion bridge 8. Cation Exchange Membrane 9. Microfluidics Tape

AAA AAAAA’ AAAA AAAAA AAAA AAAAA'
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Figure 62 Fabrication scheme for the proton pump array. (1) E-beam deposition of
Au electrodes and traces. (2) Electrochemical deposition of Pd and Ag on the
electrodes, followed by chlorination of Ag to form AgCl. (3) Parylene-C deposition.
(4) Spin-coating of PVA: PDDA AEM and etching. (5) Parylene-C deposition. (6)
SUS patterning to form microfluidic walls. (7) O: etch of Parylene-C to expose the
ion bridge and the AgCl electrodes. (8) Spin-coating and patterning of the PVA: PSS

CEM. (9) Sealing the fluidics with a thin microfluidic tap.

Electrodeposition of platinum nanoparticles:

Pt NPs are electrodeposited on top of the Au contacts of two auxiliary electrodes by
using 0.5 mg / ml HoPtCls water solution with a constant voltage of —0.06 V for 20 s
and 160 s, respectively. Commercial Ag/AgCl electrode is used as a RE and Pt wire

was used as a counter electrode (CE).

Device operation

We assemble the chloride modulator on an acrylic support rig that allows for low
pressure clamping of a PDMS slab over the opening of the target microfluidics
channel. The acrylic rig also provides a pogo-pin interface for connecting to a custom
stimulation board that can stimulate eight independent channels simultaneously.

The custom design stimulation unit is used to stimulate eight individual channels.
Each channel has an output range of -4 to +4V with a resolution of 1.95 mV, and the

current measurement range from -1.6 to +1.6 uA with a resolution of 0.8 nA. Also,
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the stimulation unit has an open-circuit feature where it can completely disconnect
some channels without changing the experiment setup. The stimulation has two
operating modes: (1) standalone - the unit follows a pre-program protocol (2)
networking mode - the unit waits for a command from an external controller (e.g.,

Machine learning algorithm) via a wireless connection.

Cells

hiPSCs were a generous donation from David Kaplan’s group (ND418566, NINDS
Human Genetics and DNA Cell Line Repository?®?. Stem cells were maintained at 5%
CO2 in StemFlex Medium (A3349401, ThermoFisher) on hESC Qualified Matrigel
Matrix (354277, Corning) coated plates with the dilution recommended by the
manufacturer. Cells were disassociated with TrypLE Select (12563029,
ThermoFisher). Transgenic cells were made by transfecting 500 ng of plasmid via 1
pL of lipofectamine 3000 (L3000008, ThermoFisher) per well of 24 well plate
containing 500 pL of Opti-MEM (31985062, ThermoFisher) with 1X RevitaCell
(A2644501, ThermoFisher). Reagent was removed after 4 hrs and replaced with
StemFlex. Cells were allowed to recover for 3 days before being selected with 50
pg/mL G418 in StemFlex with 10 pg/mL ROCK inhibitor Y-27632 (72304,
STEMCELL Technologies). After selection, a stable, clonally pure line was made by
serial dilution using StemFlex with 1X RevitaCell. Clones were expanded in
StemFlex and then assayed for alkaline phosphatase activity (SCR004, Millipore).

The clone with best membrane localization and expression of ArcLight was chosen
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for further experimentation and frozen down using NutriFreez D10 (05-713-1E,
Biological Industries). Prior to being used in experiments, hiPSC ArcLight cells were
plated in mTeSR1 no phenol red (05876, STEMCELL Technologies) and allowed to
expand for two passages prior to seeding on PDMS slabs that were coated in hESC
Qualified Matrigel Matrix. Slabs were used in bioelectronic chips one to three days

after seeding. Cells were perfused with mTeSR1 no phenol red during experiments.

Plasmid Construction

A pENTRI1A plasmid with a CAG promoter and multiple cloning site followed by a
SV40 poly A was used to clone in the mammalian codon optimized ArcLight Q239
from the plasmid CMV ArcLightCo (Q239)-T2A-nls-mCherry, a gift from Vincent
Pieribone (Addgene plasmid # 85806 ; http://n2t.net/addgene:85806 ;
RRID:Addgene 85806). Cloning was done by In-Fusion HD Cloning Plus (638909,
Takara) with HindIII and Sall restriction enzyme sites added. PCR was done using
PrimeSTAR GXL DNA polymerase (RO50A, Takara). The resulting pENTRIA
CAG ArcLightCo construct was then Gateway LR clonased (11791020,
ThermoFisher) into the hyperactive piggyBac transposase-based, helper-independent
and self-inactivating delivery system, pmhyGENIE-3 containing a neomycin
resistance gene in the backbone for selection, a gift from Stefan Moisyadi?**. The
resulting plasmid HypG3NeoBBArcLightCo (Q239) was used for subsequent
transfections.

This section is reproduced from °.
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6.3 Four-ion pump

lons and biomolecules are signal carriers in in biological systems to transfer
information for intracellular communication and organism function. As such,
bioelectronic devices that conduct ions rather than electrons and holes provide an
interface to monitor and control physiological processes. These processes often are
affected by multiple distinct ionic species. Here, we develop an ion pump that can
control the delivery of multiple ionic species on the same chip. We demonstrate on-
chip delivery of H*, Na* and CI by monitoring the dynamic concentration change
using fluorescent dyes. We integrate the multi-ion pump with machine-learning (ML)
driven closed-loop control of delivery to ensure precise dose control. The ability to
delivery multiple ions to the same biological systems with tight control of their
concentrations enables to finely regulate the extracellular environment to precisely

control several physiological processes.

6.3.1. Introduction

Bioelectronic devices aim to bridge the gap between biological system and electronic
devices.!? Signal transmission in biological system mainly relies on ion fluxes and the
movement of biomolecules, such as neurotransmitters, while conventional electrical

devices control electrons and holes.? Various tools have been developed to control or
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monitor the activities of ions and biomolecules with electronic or optical signals for

the purpose of diagnostics, and therapies.?> 2%

Iontronic devices generate, store, and transmit signals via modulating the flow and
concentration of ion and small molecules.!” In analogy to electronics, examples of

iontronic components include organic electrochemical transistors (OECTs),!® organic

8

electronic ion pumps (OEIPs),>3? ionic diodes,”’ transistors,*® and memristors,>”

bipolar membrane junctions.”> By manipulating ions and biomolecules directly,

iontronic devices extend the domain from electrically excitable cells to all cell types,

298, 299

such as stem cells to guide differentiation and skin cells for improved wound

300301 Fyrthermore, iontronic devices are more effective on biological

healing.
processes that are influenced by specific ions and biomolecules, such as H" for
enzyme activities, gene expression, and neuronal function,**? CI- for cancer and birth
defects,?® and gamma-aminobutyric acid (GABA) for suppression of epilepsy.?

Among these iontronic devices, OEIPs are used to deliver charged ions and
biomolecules with high spatiotemporal resolution and dosage precision (one electron
per delivered monovalent ion).2® In recent years, OEIPs have been reported to deliver

H*, K*, Ca™, GABA, which enabled triggering cell polarization status in vitro,?

controlling epileptiform activity in brain slice models,?® affecting sensory function in

27 28

vivo,”’ suppressing pain sensation in awake animals,”® and even modulating plant

physiology.?” Moreover, some physiological processes need more than one species
cooperation at the same time, such as the fact that the early embryonic face is

303, 304

patterned by H" and K* ion gradients. Therefore, we demonstrate the first
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multiple-ion pump that can selectively deliver multiple different ionic species
simultaneously including both cations and anions. It is composed of four independent
reservoir electrolytes connected to one target electrolyte, in which 36 microelectrodes
are independently controlled with 50-um resolution and reach almost single-cell level
control. Here we used three major ions in physiological processes, H", Na*, CI- as the
model, while they can be replaced with any desired charged species, such as
neurotransmitters and drugs. As a proof of concept, we also used machine learning
algorithm to change the ion concentration towards the desired goal in a closed-loop
manner. Thus, this multi-ion pump not only enables controlling complicated
physiological processes that need more than one ionic species, but also provides a
highly efficient and customized toolbox for fundamental biological research with an

intelligent manner.

6.3.2. Result and Discussion

Figure 63a shows the top view of the multi-ion pump, which comprises four
independent reservoirs (R1, R2, R3, R4) connected to one target. Each reservoir has
one reference electrode to deliver ions from the reservoir to 9 independent
microelectrodes (3 x 3 array) in the target through an independent ion channel. Figure
63b shows the mapping of the 36 microelectrodes in the target: every four
microelectrodes form an array to deliver different ionic species. Here we used three
channels to deliver H*, Na*, and CI', and named each individual type as H" pump, Na*

pump, Cl° pump, respectively. We coated nanoparticles on the microelectrodes to
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increase the surface area and electrode capacitance. The microelectrodes of H" pump
were coated with Pd NPs, which are selective to H" by forming PdH\.3% AgCl
nanoparticles were coated on microelectrodes connected to ClI” pump because of its
selectivity to CI'. For all the other general ionic species, platinum nanoparticles (Pt
NPs) were deposited to increase the surface area of the microelectrodes as well as the
capacitance for general delivery, such as Na'. The reference electrodes in the
reservoir and auxiliary electrode were AgCl NPs, which work as an electron-to-ion
transducer.’ On top of the microelectrodes, we deposited four independent ion
channels that connected reservoirs and target by spin-coating and patterned by
photolithography in two layers separated by parylene to avoid interfering. Here,
negatively charged polymer, Poly vinyl Alcohol: Polystyrene sulfonate (PVA:PSS),
was used for cations delivery and coated as 3 ion channels. Positively charged
PVA:Chitosan was used for anion delivery and coated as 1 ion channel. Then, SUS
photoresist was used to build the microfluidic channels to provide solutions for the
reservoirs and target. The microfluidic channels were sealed by microfluidic tape.
More details about the device fabrication are in Experiment Section. Figure 63c is the
side view of the multi-ion pump showing the multilayer structure and the electrical

circuits with H* reservoir as the representative.
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Figure 63 (a) Top view of multiple-ion pump, showing four reference electrodes in the
reservoirs (R1, R2, R3, R4), microelectrodes and auxiliary electrode in the target. (b)
Mapping of the 36 microelectrodes in the target: every four microelectrodes form an
array to deliver different ionic species. Every four microelectrodes form a group that
can control four different ions and such groups form a 3 x 3 matrix in the target
solution. (c) The side view of the multi-ion pump with one reservoir as the

representative, showing the multilayer structure.

Figure 64a shows the fluorescence image of the target electrolyte, and the yellow
square highlights a group of microelectrodes that are connected to different reservoirs.
Here we demonstrated ion concentration control on three ions: H*, Na*, Cl". For [H'],
0.1 M HCI was used as the reservoir electrolyte and 5-(and-6)-Carboxy SNARF™-1
was used as fluorescent pH indicator in the target electrolyte to monitor pH in real

time. In Figure 1b, first, we applied Vir = 1.6 V between the R1 in the H' reservoir
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and H" microelectrodes to deliver H" to H" channel. Then we applied Vi= 1.6 V to
deliver H* from microelectrodes into the target, which increased the [H'] in the area
close to the microelectrodes. Next, we reversed Vi to be -1.6 V to absorb H" back to
the H" channel, inducing [H"] decrease. Figure 2b shows the [H] change following
V1, indicating a quick and precise [H] control by the voltage. For Na*, 0.1 M NaCl
was used in the reservoir electrolyte, and CoroNa fluorescence dye was used in target
electrolyte to monitor [Na*] in real time. [Na'] control was achieved by the same
protocol as that of [H"] (Figure 2c), because they are all cations. For [CIl], 0.1 M
NaCl was in the reservoir electrolyte and MQAE was used as fluorescent indicator in
the target electrolyte to monitor [Cl] in real time. Here, we applied -1.8 V between
R4 in the CI reservoir and Cl" microelectrodes to deliver CI™ into CI" channel. Then
we applied V4 = -1.8 V to deliver CI to the target, which increases [Cl] of the area
close to the microelectrode. Next, we reversed Va4 to be 1.8 V to absorb Cl- and
reduced [CI'] (Figure 2d).

Besides the temporal resolution, the high spatial resolution control of ion pumps is
another critical advantage for ion/biomolecule delivery. In Figure 2e, when we
applied voltage on one working microelectrode (yellow), the fluorescence intensity in
the rectangular square (black, red, blue, pink) was measured to show the ion
concentration in the adjacent area of the working microelectrode. Following the
aforementioned protocols that change [H*], [Na*] and [C]], we measured and plotted
their fluorescence intensity in different area (Figure f, g, and h). The results show that

while the monitored area gets further from the working microelectrodes, the ion
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concentration change by the voltage is diminished, indicating a precise control of

spatial resolution.
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Figure 64 (a) Fluorescence image of the microelectrodes in target electrolyte, where
the square highlights a group of microelectrodes that connected to different
reservoirs. (b) [H+] change following the applied voltage: when VI = 1.6 V, H+ was
delivered to the target, inducing [H+] going up, vice versa. (c) The [Na+] change,
following the applied voltage: when V2 = 1.6 V, Na+ was delivered to the target,
inducing [Na+] going up, vice versa. (d) The [CI-] change, following the applied
voltage: when V4 = -1.8 V, CI- was delivered to the target, inducing [CI-] going up,
vice versa. (e) Yellow square highlighted one microelectrode where we applied the
voltage, and the four rectangles showed the areas whose fluorescence intensity was
monitored. (f) The [H+] change in the four rectangles highlighted in panel e

following the protocol of panel b. (g) The [Na+] change in the four rectangles
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highlighted in panel e following the protocol of c. (h) The [Cl-] change in the four

rectangles highlighted in panel e following the same protocol of d.

Each microelectrode was designed to function independently. So we also
demonstrated spatial ion fluxes control by changing [H'] in different direction with
two microelectrodes. In Figure 65, we applied 1.6 V and -1.6 V on two
microelectrodes, their [H'] changes are in the opposite way, indicating a precise
dynamic control. We also presented a video that shows the control of each H*

microelectrode in sequence in Supporting Information.

It being the fact that biological processes are mostly self-regulated, and closed-loop
control with feedback is a staple of most biological systems. Traditional control
methods are difficult to be applied to the biological systems due to their complex
dynamics and sensitivity to environmental changes.’°® Therefore, integrating the
machine learning-based closed-loop control with the versatile multi-ion pump
platform could introduce a powerful toolbox to further manipulate complex biological
processes and will open up great possibilities for fundamental biological research.
Here, we successfully demonstrated the automated closed-loop control of ion fluxes

by machine learning using the multi-ion pump.

Figure 3a shows the general architecture of implemented online machine learning-

based controller designed for the multi-ion pump system. By user choice, the ML-

139



controller is selecting one of the four sub-controllers*®” for controlling the predefined
ions. The blue line is the reference signal, and the red line is the system output (i.e.,
fluorescence intensity). In Figure 3(b-d), we set different reference signals for
different ions with blue lines. Then we applied voltage through the controller to the
corresponding microelectrodes and made the output to track the reference signals.
The results show that we’re able to control the ion fluxes of H*, Na*, Cl following
different patterns. In addition, the output of the controller applied to the multi-ion
pump and the tracking error of the system are provided in Figure S2. The tracking

performance of the multi-ion pump shows a promising response to the controller

commands.
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Figure 65 (a) -1.6 V was applied to the microelectrode in the black square versus the
auxiliary electrode while 1.6 V was applied to the one in the blue square. (b) The

fluorescence intensity in the black square went up, indicating pH increase, and
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meanwhile, the fluorescence intensity in the blue square went down, indicating pH

decrease.
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Figure 66 Multi-ion pump controlled by machine learning with desired targets.

6.3.3 Conclusion

In summary, we presented the first bioelectronic device capable of electrophoretic
delivering 4 different ionic species simultaneously, including both cations and anions
to date. The delivery sites are composed of 36 independent 50-um microelectrodes,
which achieved different outputs with high spatiotemporal resolution. Additionally,
we demonstrated the machine learning based closed-loop control of ion concentration

in aqueous environment using the multi-ion pump, which is a mimic of the self-
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regulated biological system. The control of multiple ionic species not only opens the
chance to manipulate complicated physiological processes, but also provides a new

tool for fundamental biological research.

6.2.4 Experiment section:

Device fabrication: Multiple-ion pump platform was fabricated on 4-inch borosilicate
glass wafer. Positive photoresist (S1813; Micro-Chem Corp.) was used to pattern Au
contacts and traces followed by e-beam evaporation (10 nm Ti, 100 nm Au). Acetone
and IPA are used for liftoff. Subsequently, S1813 photoresist is again used to
selectively expose the Au contacts for nanoparticles -electrodeposition (see
“Electrodeposition” section). After electrodeposition, a 1.5 um thick insulating layer
of parylene-C was deposited (Specialty Coating Systems Labcoter 2 system) in the
presence of A174 adhesion promoter. The parylene was etched by an oxygen plasma
with the regions over the electrodes and contact pads exposed, and the rest protected

by SPR220 - 4.5 or SPR220 - 7 (Micro-Chem Corp). Prior to the deposition of ion

channels, (3-glycidyloxypropyl) trimethoxysilane (GOPS) was deposited on the wafer
to promote adhesion of the polymer. 5% GOPS was dispersed in ethanol and spin
coated at 1000 rpm for 30 s and then baked at 110 C for 5 min.

A blend of 8 wt% polyvinyl alcohol (PVA) with 2 wt% polystyrene sulfonic acid (4:1
weight ratio) was thoroughly mixed by microwave and hotplate. The PVA:PSS
solution was filtered by a cellulose esters (MCE) syringe filter with 0.8 um pore size

and spin - coated on top of the wafer at 1500 rpm for 30 s and baked at 120 C for 2h,
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yielding a film thickness of 2 um. A positive photoresist Dow SPR220 - 4.5 was spin
- coated following protocols of the manufacturer. The PVA:PSS film was etched

with an oxygen plasma with the desired pattern defined with SPR220-4.5 photoresist.
A second 1.5 pm coating of parylene was then deposited with the same protocol as
above to insulate and protect the PVA:PSS film by only exposing the 36
microelectrodes. To promote adhesion between the parylene and the next polymer
layer, PVA:Chitosan, GOPS was again deposited using the aforementioned process
prior to PVA:Chitosan patterning. Chitosan is dissolved in 1% acetic acid and mixed
with 10 wt% PVA (1:2 weight ratio) thoroughly with the help of microwave and
hotplate. The PV A:Chitosan solution was filtered by a cellulose esters (MCE) syringe

filter with 0.8 um pore size and spin - coated on top of the wafer at 1000 rpm for 5 s

with 500 rpm/s ramp and then 4500 rmp for 30 s with 1500 rpm/s and baked at 80 C
for 2h, yielding a film thickness of 2 um. The PVA:Chitosan film was etched with an
oxygen plasma with the desired pattern defined with SPR220-4.5 photoresist. A third
1.5 um coating of parylene was deposited with the same protocol as above to insulate
and protect all the polymers from the subsequent SU8 deposition. To promote
adhesion between the parylene and SU8 photoresist, GOPS was again deposited using
the aforementioned process prior to SUS patterning. SU8 3025 was spun onto the
wafer at 500 rpm for 5 s with 100 rpm/s ramp, 1000 rpm for 30 s with 300 rpm/s
ramp, 3000 rpm for 1 s with 3000 rpm/s ramp. The patterned 70 um high SUS8
photoresist formed the sidewalls of microfluidic channels for reservoir and target
chambers. The third parylene insulation layer protecting the polymers was etched to
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expose the electrode contacts in the reservoir and target channels using the same
process as the previous parylene etch. Lastly, devices were diced from the wafers
prior to sealing the microfluidics with single-sided microfluidic transparent diagnostic
tape (3M 9964). Features in the tape layer were punched out with I mm and 2 mm
diameter biopsy punches for exposing imaging area and fluidic inlets. The tapes were
then aligned to SUS features on the device and pressed to seal by hand. PDMS was
also punched with the 1.5 mm diameter biopsy punches to provide support from the

fluidic inlets.

Electrodeposition: All the electrodeposition is accomplished with a three-electrode
configuration at room temperature with an Ag/AgCl pellet as reference electrode, and
a platinum wire coil as counter electrode using an Autolab Potentiostat. The
following procedure yields the most repeatable and stable results among several

plating procedures tested.

Pd NPs deposition: 1 wt% PdNOs3 solution was diluted from 10 wt% PdNO; and used

to electroplate the nanoparticles by applying a DC voltage of —0.3 V for 5s.

Pt NPs deposition: HoPtCls was dissolved in DI-water by 1:1 and used to electroplate

the nanoparticles by applying a DC voltage of -0.06 V for § s.
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AgCl NPs deposition: 10 mM AgNO;s in 0.1 M KNO; was used to deposit Ag
nanoparticles followed by chlorinating Ag nanoparticles into AgClI nanoparticles. For
microelectrodes, -0.2 V was applied for 5 s. For reference electrode and auxiliary
electrode, -0.3 V was applied for 50 s. Then, we oxidize approximately Ag NPs to
AgCl NPs by applying a constant anodic current (100 uA) for 10 s on Ag NPs in 50
mM KCl solution at room temperature. We observe a clear color change from silver

white to dark grey indicating the formation of AgCl NPs.

Microcontroller: The modular microcontroller is a unique piece of equipment that
can operate multiple electrochemical devices or a single electrochemical device with
more than one working electrode. The modular aspect allows the microcontroller to
scale from 8 to 64 channels by adding more stackable boards. The stackable board
provides eight channels of circuits with the output range of +-4V and input range of
+-1.65 uA. In addition, the modular microcontroller also offers an external control
mode where it allows interfacing with external software such as a machine learning

control algorithm. More detailed information of the microcontroller can be found

here.3%

Fluorescence probes: We used microscope based real-time imaging over the
microelectrodes to monitor ion concentration change. We used 50 uM 5-(and-6)-
Carboxy SNARF™-1 (SNARF, ThermoFisher) dispensed in 0.1M Tris buffer as a

fluorescent indicator for H*, 50 uM CoroNa™ Green (CoroNa, ThermoFisher)
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dispensed in 0.1M Tris buffer for Na®, 100 uM (N-(ethoxycarbonylmethyl)-6-
methoxyquinolinium bromide) (MQAE, ThermoFisher) dispensed in 0.1M Tris buffer
for CI', 100 uM PBFI, Tetraammonium Salt dispensed in 0.1M Tris buffer for K.
The fluorescent probe solution was flowed into the target chamber via a sealed
microfluidic channel. Thereafter, the device was monitored by BZ-X710 fluorescence
microscope with10 x Nikon objective. Different filters are selected by the ion we’re
interested to image: TxRed (ex: 560/40 nm, em: 630/75 nm) for SNARF, GFP for
CoroNa (ex: 502/30 nm, em: 520/36 nm), customized (ex: 340/40 nm, em: 510/80 nm)
for PBFI, and DAPI (ex: 377/50 nm, em: 447/60 nm) for MQAE. Imaging data were

collected every 2 s in real time. Data were analyzed using ImagelJ software.
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7. Outlook

Bioelectronics has joined the toolbox of health care for many decades and played a
critical role in clinical settings with cardiac pacemakers, brain implants, and more
recently vagus nerve stimulation. The emergence of soft, water-rich materials such as
polyelectrolyte polymers and hydrogels provide an opportunity for better integration
of bioelectronic devices with the wet and soft biological tissue. The ionic
conductivity and ability to deliver small biochemicals of hydrogels opens new
avenues for device-tissue communication. More importantly, this communication
extends limited to electrically excitable cells but extended to non-excitable cells,

298, 299

such as stem cells to guide differentiation and skin cells for improved wound

healing.3%0 301

Ion conducting materials, specifically, polyelectrolytes that are selectively permeable
to cations or anions, play a critical role in iontronic devices. However, the study on
ionic conducting materials is much less compared to that of the electron conducting
materials. Polyelectrolyte hydrogels are intrinsic ionic conductors, biocompatible and
biodegradable, and appear as the core of iontronic devices for eco-friendly biosensors,
implantable/wearable devices, as well as biological information processors.

Although the outlook of iontronic devices is widely open, many challenges have yet
to be tackled. One is the under developed ion conducting materials. The second is the
fabrication of ion conducting materials and their integration with electrical contacts in

electronic devices. To this end, microfabrication of photo-crosslinkable hydrogels*®
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using conventional photolithography techniques have been reported to be a feasible
method. Covalent chemical bonding between the hydrogel and the electrodes is also
shown to improve hydrogel adhesion and reduces delamination.>!® Other challenges
include the long term stability and batch-to-batch reproducibility for the translation to
clinical settings.

Nonetheless, given the rapid development for those problems as well as the
tremendous potential benefits, iontronic devices deserve to be explored more as new

tools for human-machine interface in the near future.
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