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A Bioelectronic Platform Modulates pH in Biologically

Relevant Conditions

Xenofon Strakosas, John Selberg, Xiaolin Zhang, Noah Christie, Peng-Hao Hsu,

Adah Almutairi, and Marco Rolandi*

Bioelectronic devices that modulate pH can affect critical biological processes
including enzymatic activity, oxidative phosphorylation, and neuronal excit-
ability. A major challenge in controlling pH is the high buffering capacity of
many biological media. To overcome this challenge, devices need to be able to
store and deliver a large number of protons on demand. Here, a bioelectronic
modulator that controls pH using palladium nanoparticles contacts with high
surface area as a proton storage medium is developed. Reversible electroni-
cally triggered acidosis (low pH) and alkalosis (high pH) in physiologically
relevant buffer conditions are achieved. As a proof of principle, this new
platform is used to control the degradation and fluorescence of acid sensitive
polymeric microparticles loaded with a pH sensitive fluorescent dye.

Bioelectronics couples electronics and biology with devices that
transduce electronic to biological signals and vise-versa, for the
purpose of diagnosis and treatment. Numerous diagnostic sen-
sors exist including for glucose, % lactate,3 neurotransmitters, !
electrophysiological measurements,>® and barrier tissue integ-
rity.”# Electroceutical devices for treatment of disease include
metal electrodes implanted in the brain to stimulate damaged
neurons (deep brain stimulation),®'!J organic electronic devices
that electrophoretically deliver small ions (K*, Ca?*) and neuro-
transmitters (GABA™) to the extracellular space (iontronics).[12-1%]

Among potential ions, protons (H*) play a vital role in bio-
logical processes. H* currents can be found in proton-gated
ion channels'®'”] and proton pumps!'®; often these currents
are coupled to the movement or generation of other chemical
species such as in oxidative phosphorylation.” The H* concen-
tration (pH) within a cell affects enzymatic activity,2*2!l gene
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expression,?? and is indicative of healthy
cell function.?} pH regulation in the cen-
tral nervous system maintains healthy
neuronal function,? and pH-affects neu-
ronal excitability. Acidosis plays a role in
self-termination of epileptic seizures.?S! A
common trait of cancer cells is a decrease
of the extracellular pH due to overpro-
duction of lactic acid; acid sensitive drug
delivery vesicles use this mechanism to
locally visualize and treat cancer cells
and tissue.’®?”] Along with iontronics,
bioprotonics use specifically H* as their
main charge carriers. To date, devices
with conducting polymers and ion selec-
tive membranes, have demonstrated the
transfer of H* between different electrolytes and injection of
H* in common electrolytes and localized acidosis.l?®! To induce
alkalosis and increase pH, a bioelectronic device needs to spe-
cifically absorb H* ions without changing the concentration of
other ions in solution. Palladium (Pd) contacts are able to spe-
cifically transfer H* to and from solution and proton conducting
polymers exploiting the specific and reversible Pd/palladium
hydride (PdH,) reaction.?®3% In this fashion, our group has
demonstrated localized acidosis and alkalosis to control the rate
of enzymatic reactions and bioluminescence.?>3% However,
these devices lack the dynamic range of the iontronic H* pumps
that allows to lower the pH in solutions with high buffering
capacity such as brain fluid (8=2.3 x[HCO;3], = 60 x 1073 m).[4l
Here, we combine the large dynamic range of iontronic type H*
pumps with the specificity of Pd/PdH,, contactsi?®3! in a pH
modulator that is able to induce both acidosis and alkalosis in
solutions with high buffering capacity (Figure 1).

The pH modulator was fabricated in a four step photolithog-
raphy (Figure S1, Supporting Information). The pH modulator
involves independent electrolyte chambers connected by a
proton conducting bridge. One electrolyte, consisting of 0.5 m
HCl is used as a proton source (reservoir) and is in direct contact
with a Pd contact modified with Ag/AgCl. The other electrolyte
(target) is a buffer solution in which we induce pH modulation.
The buffer electrolyte is in direct contact with 16 square Pd nan-
oparticle (PANP) contacts (12 electrodes with an edge of 400 um,
and four electrodes with an edge of 1 mm) and an Ag/AgCl
pellet (Figure 1a,b). The contacts are used as multiple inlets for
H* to enter the buffer solution in order to modulate the pH in
a homogenous way. A positively charged membrane was pat-
terned on top of the Pd contacts and between the cationic bridge
and the buffer solution in order to reduce undesirable H* diffu-
sion from the reservoir to the target electrolyte. Finally, an epoxy
resist (SU8) was used to separate both the target solution and
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Figure 1. a) Schematic of pH modulator, and operating principle of bioelectronic pH modulator. Two electrolyte chambers are connected with an H*
conducting membrane. A high [H*] solution (right) is at the interface with a modified Pd/Ag/AgCl. A buffer solution (left) is at the interface with PANPs
and an Ag/AgCl pellet immersed in solution. Application of V3 =1V between PdNPs-Pd/Ag/AgCl (working electrode) and Ag/AgCl pellet (reference
electrode) decreases the buffer potential with respect to reservoir, and H* are transferred from the reservoir (right) into the buffer solution and thus
decrease its pH. Application of V4 =—1V increases the potential of the buffer solution, and H* are transferred and stored into the PdNPs, thus the pH
of the buffer solution is increasing. b) Perspective photo of the device showing the reservoir loaded with acid (HCI) on top of the Pd/Ag/AgCl electrode
and the active area with buffer on top of the PANPs electrodes. c) Optical image showing a close up of a PANPs contact, the proton bridge, and SU8

pore (40 um) at the PANPs/solution interface, scale bar 200 um.

proton reservoir, insulating the H* bridge and the Pd intercon-
nects from external stimuli. The SUS8 allows for an inlet pore of
a tunable size between buffer and PANPs (Figure 1c).

The pH modulator uses one input voltage (V) between the
Ag/AgCl pellet, which is used as a reference electrode (RE),
and the PANPs contacts in order to increase or decrease the
pH. The PdNPs contacts are held at the same potential with
the modified Pd (electrodeposited Ag/AgCl on top of the Pd)
contact in the reservoir (short circuit) (Figure la). When a
negative V43 = —1 V is applied between the PANPs contacts
and the Ag/AgCl RE pellet, H* are transferred from the
buffer solution into the Pd contacts, forming PdH,, with x
being the atomic ratio of H to Pd and its maximum value can
reach to 0.6-0.7.32%3 This results in a reduction of the proton
concentration in the buffer electrolyte, thus, increase of its
pH.?% When the Vj is reversed (Vy = 1 V), H* are transferred
from the reservoir solution, through the cationic selective
bridge (Figures S3 and S4, Supporting Information), to the
buffer solution and decrease its pH.

In the target electrolyte, Pd contacts were modified with
PdANPs through electrodeposition, in order to increase the sur-
face area, capacitance, and the ability to transfer H* and modu-
late pH (Figure 2a). A negative voltage (vs Ag/AgCl) applied to
the Pd contact as working electrode and a Pd wire as counter
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electrode deposits PANPs in the presence of a palladium nitrate
(PANO;) solution. We optimized the process by measuring the
impedance of the contact at the end of the deposition. For a
Pd contact of 400 um, applying a voltage V = —0.6 V for 0.1 s
deposits PANPs and increases the surface area by =20-fold, as
calculated from an equivalent circuit R(R//C) by using electro-
chemical impedance spectroscopy (Figure 2b). Scanning elec-
tron microscopy (SEM) images show homogeneous PdNPs on
top of Pd (Figure S2, Supporting Information). For extensive
deposition times, PANPs start aggregating thus reducing the
surface area. We characterized the modified PANP contacts
with cyclic voltammetry (CV) in a (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) HEPES buffer solution. We cycled
the voltage of the PANP contact between positive and nega-
tive values, versus an Ag/AgCl reference, for multiple cycles to
monitor capacitive ionic currents and currents from interfacial
reactions of the working electrode. In the case of Pd and PANPs
in HEPES, the main interfacial reaction between —1.1 and 0 V
is the absorption and release of H*. In the PANPs the number
of H* transferred at the PANPs/electrolyte is 10 times higher
than for the pristine Pd contact as measured by the current in
the CV. (Figure 2c). Threshold voltages for H* are also lower
for PANP. Absorption of H* into PANPs begins at V=-0.73 V
compared to planar Pd at V = —0.8 V. The release of H* starts

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electrodeposition of PANPs on top of Pd. a) Schematic showing the electrodeposition. In the presence of PANO;, a negative voltage of
V =-0.6 versus Ag/AgCl reduces the Pd cations on top of Pd and creates PANPs. b) Impedance measurements of PANPs modified contact and a Pd
contact. The PANPs contact exhibits a lower impedance, which means higher capacitance/surface area. c) CV of a 400 um Pd and PdNPs modified
contacts in HEPES buffer. The CV shows the voltage regimes of H* transfer into the (Pd-PdH) and H™ transfer to the electrolyte (PdH-Pd). Additionally,
the current magnitude for PANPs electrode is =10x higher. d) pH modulation of 1 uL HEPES from a 250 pm PdNPs and Pd contact.

at V=-0.4 V compared to V=-0.3 V for planar Pd. Addition-
ally, the slope of the current dI/dV = G for the transfer of H*
into the electrolyte is =20 times larger than for planar Pd. We
believe that the voltage shift to lower potentials originates from
the increased surface area of the Pd contact when coated with
PdNPs, the increased surface area exposes additional Pd sites
for H' transfer with a net effect of lowering the overpotential
required for the hydrogen oxidation reaction. As a result of the
more efficient H* transfer characteristics, the PANPs contacts
modulate the pH in buffer conditions at least 10 times more
than a planar Pd contact. A square PANPs contact of 250 pm
edge size induces a deltapH (ApH) = 0.5 in 1 uL of a HEPES
(B =23 x 107 ™), compared to a negligible change in pH
induced by planar Pd (Figure 2d).

Figure 3 shows how the device modulates the pH toward
acidic and basic conditions. Prior to the measurements,
extensive voltage cycling between target and reservoir in the
presence of HCI 0.1 M in di-water was performed in order to
remove Na* ions from the PVA:PSS H* bridge. Additionally,
the Pd/PdH contact is selective to H* and if Na* were trans-
ferred they would create charged layer at the contact resulting
in a reduced current. During measurements, the PANPs con-
tacts are fixed (short circuit) at the same potential with the Pd/
Ag/AgCl contact at the reservoir solution. To operate the device
as a H* sink (increasing pH), a negative voltage (Vg =-1V) is
applied between the PANPs-Pd/Ag/AgCl and the Ag/AgCl RE
pellet. At the pH of 7.4 and potential difference, H* are trans-
ferred from the buffer solution into the PANPs contacts. The
current has a transient capacitive behavior, which is typical
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for Pd contacts during H* absorption and it is then stabilized
to a constant negative value (Figure 3a).?” For every H* that
enters the PANPs contact, a Cl™ is transferred from the buffer
into the Ag/AgCl in order for the solution to maintain charge
neutrality. In the H* delivery mode (decreasing pH), a positive
voltage (V3 =1 V) is applied between the PANPs-Pd/Ag/AgCl
and the Ag/AgCl pellet. During this step, H* travel from the
reservoir to the buffer solution decreasing its pH.?* The cur-
rent is mainly resistive with a small initial capacitance, and a
magnitude of 30-40 pHA (Figure S5, Supporting Information).
The capacitive portion of the current can be attributed to neg-
atively charged ions, mainly OH™, that adsorb on the PdNPs a
positive potential (Figure S6, Supporting Information).3*3% A
much higher initial capacitive current occurs when the PANPs
contacts are preloaded with H* (Figure 3a and Figure S5, Sup-
porting Information).??l Consecutive pulses between Vj =
1V and Vy=-1V for 60 s (Figure 3a) exhibit reproducible
current behavior, and consequent pH oscillations (Figure S5,
Supporting Information). Figure 3b shows the pH changes
for a 50 puL of HEPES buffer upon an applied V3 =1 V and
Vq = -1V for 120 s. The pH changes were calculated from
the current by using the Henderson—Hasselbalch equation for
the specific buffer.!8! The calculated pH is in agreement with
the experimental measurements of pH that were performed
with a micro pH meter. The pH changes in Figure 3b are
calculated for the overall volume of the HEPES buffer. Tran-
siently, the pH changes are largest close to the Pd contacts,
and subsequently propagate by following diffusion reaction
phenomena.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Protonic pH modulating circuit in action a) to increase the buffer pH, a negative voltage V4 =1V is applied between PdNPs-Pd/Ag/AgCl
contacts and the Ag/AgCl pellet in the buffer electrolyte transfers the H* into the PANPs. The resulting I, has a typical Pd-PdH behavior with steady
state of —40 pA. To decrease the pH, a positive voltage V4 =1 V between the PANPs-Pd/Ag/AgCl and the Ag/AgCl electrode in the buffer electrolyte
transfers the protons from the reservoir into the buffer electrolyte. b) Calculated pH for V4 =—1V (blue) for 120 s and V4 =1V (acidic) for 120 s on
HEPES buffer. c) Optical image showing basic pH (blue color) in HEPES buffer with a pH indicator from an individual PANPs contact. d) Optical image
showing acidic pH (red color) in HEPES buffer with a pH indicator from an individual PANPs contact. The pH color scale was provided by universal

pH indicator documentation.

Figure 3c,d show localized pH changes that are induced by
individual PANPs contacts, in a buffer solution loaded with
a universal pH indicator. A basic pH is induced on top of
a PANPs contact (blue), when V3 = -1 V (Figure 3c). The pH
close to the PANPs contact is higher compared to bulk of the
solution, this pH gradient will slowly diffuse throughout the
bulk solution until equilibrium is reached. When the voltage is
reversed (Vg = +1 V), the pH locally changes from basic (blue)
to acidic (red) on top of the Pd contact (Figure 3d). This illus-
trates the contribution of a PANPs contact that is preloaded
with H* toward pH modulation which is caused by the release
of stored H* back into the electrolyte and the adsorption of
OH" on the PANPs surface. By controlling parameters such as
the duration of the input voltage and number of PANPs con-
tacts, the pH modulator can achieve pH changes in biological
buffers. These changes are initially localized close to the con-
tact and eventually affect the entire solution after diffusion of
the H* or OH™ species.

To demonstrate the ability of our device to control pH in
physiologically relevant conditions, we used acid-sensitive
microparticles loaded with a pH sensitive dye fluorescein diac-
etate (FDA) in buffered conditions as a proof-of-concept target.
By switching the environment between basic and acidic condi-
tions we observed the degradation of the microparticles, release
of FDA, followed by hydrolysis in basic conditions to fluores-
cein yielding an increase of the dye’s fluorescence (Figure 4a).
The microparticles, which are based on dextran tagged with
rhodamine, were synthesized as previously described.?”) The
microparticles, with average size of 2 um and concentration of
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1 mg mL™!, were dissolved in HEPES buffer of pH 7.4 and then
were exposed to four conditions; control groups in solutions set
at physiological pH 7.4, acidic pH 6, and basic pH 8, as well as
a device modulated acidic then basic treatment switching the
pH from neutral to acidic then to basic.

To degrade the microparticles, acidic conditions were
induced by applying V=1V, in the presence of 20 pL of aceta-
lated dextran microparticles (Ac-Dex MPs). After 180 s, the pH
of the solution, which was monitored by a pH microelectrode,
reached at pH 6. We incubated the solutions for 24 h in sterile
dark conditions, and then we induced basic conditions (pH 8)
to hydrolyze FDA. Figure 4b shows the extracted fluorescence
intensity of green (FDA-Fluorescein) and red fluorescence
(Rhodamine) for the samples that incubated in the four dif-
ferent pH conditions. The green fluorescence intensity of the
samples that were exposed to the acidic then basic conditions
was the highest, validating both the degradation of the parti-
cles in pH 6 and the subsequent FDA hydrolysis. At pH 7.4,
green florescence intensity was observed at the surroundings
of the microparticles (Figure 4c). At pH 6, green fluorescence
is not detected (Figure S7a, Supporting Information). This is
expected for two reasons, FDA is not hydrolyzed and fluores-
cein does not exhibit fluorescence at acidic pH.%3”l At pH
8, there is a higher green fluorescence intensity (Figure S7b,
Supporting Information), which indicates that the Ac-Dex MPs
release FDA; however, the intensity is half compared to the
samples of interest (Figure 4d). The fluorescence intensity in
the samples of interest is the highest, it has a homogenous dis-
tribution with highest intensity on top of the electrode surface.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Degradation of acid sensitive microparticles with pH modulator: a) Schematic of dextran-based acid-sensitive microparticles. The micropar-
ticles decompose in acidic conditions and release FDA. Under basic conditions, FDA hydrolyses and is converted to fluorescein, which in turn shows
increased fluorescence. b) Histogram showing fluorescent intensity of microparticles (red) and released (green) fluorescein, in four different pH condi-
tions: normal (pH 7.4), basic (pH 8), acidic (pH 6), acidic + basic (first pH 6, then pH 8). The pH changes were induced by the pH modulator using 8
PdANPs contacts. Six of them with size 400 x 400 um and two of 1 X T mm and openings of 100 um. c,d) Overlay images showing both red fluorescence
(red dots) of rhodamine labeled Ac-Dextran microparticles and green fluorescence intensity (GFP) of fluorescein released from the particles on top of
a PANPs contact at pH 7.4 and at pH 6 and 8, respectively. Scale bar 50 um.

We have developed a Pd based modulator capable of both
increasing and decreasing pH in buffered conditions. The
pH modulator can increase and decrease pH with an elec-
tronic input, V3. The pH modulator is based on an array of
Pd contacts modified with PANPs to increase surface area
and contact capacitance. These contacts are connected to a H*
reservoir via a polymer proton conducting bridge. The H* res-
ervoir affords a large supply H* for extended pH modulation.
As a proof-of-concept, we stimulated the degradation of acid
sensitive microparticles, by reducing the solution pH. The
microparticles released FDA, a pH sensitive fluorescent dye,
and by inducing basic conditions, the fluorescence of the dye
was increased. The platform can repetitively control the pH in
buffer conditions and can be used for a variety of applications
including delivery of cargo to cells®® and control of those bio-
chemical reactions in which pH plays an important role.

Experimental Section

Device Fabrication: Micrometer size pH 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 (spin-coated at 3000 rpm,
baked 1 min. at 110 °C), to create the Pd patterns. Chromium (Cr)
5 nm and Pd 100 nm were evaporated using an e-beam evaporator,
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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 Pd contacts for PANPs
deposition, while the metal interconnects were insulated. After PANP
deposition, the photoresist was striped with acetone and the samples
were activated with oxygen plasma 100 RF for 2 min.

A blend of 8 wt% polyvinyl alcohol (PVA) with 2 wt% polystyrene
sulfonic acid (4:1 weight ratio) was thoroughly mixed (PVA:PSS solution)
and sonicated for 45 min. The PVA:PSS solution was filtered with a
filter porous size of 0.8 um and was spin-coated on top of the samples
at 3000 rpm for 30 s and baked in 120 °C for 45 min, yielding a film
thickness of 800 nm. A positive photoresist Dow SPR220-4.5 was spin-
coated following protocols of the manufacturer and patterned to define a
pattern for a polyethyleneimine (PEl) membrane which was spin-coated
at 1000 rpm, with a ramp up of 200 rpm s7', for 30 s and then baked
at 70 °C for 20 min. The PEl membrane was coated with an additional
layer of S1813 (same process) to cover the area on top of the contacts.
This layer was patterned with exposure to UV light for 12 s at a power of
8 mW cm™ and developed with MF26A developer for 90 s. The samples
were etched with oxygen plasma (02 15 sccm, Power 200 W for 11 min).
A developed monolayer of 3-glycidoxypropyltrimethoxysilane (GOPS) on
top of the glass was formed by chemical vapor deposition under vacuum
in 90 °C for 2 h. On top of this was spin-coated the final insulating layer
of SU8-2005 at 3000 rpm for 30 s.

Pd Nanoparticles Deposition: 10 wt% PANOj;, purchased from sigma,
was diluted with di-water to give a 1 wt% PdNO; solution. PANPs were
electrochemically deposited onto the Pd contacts using a DC voltage of
V = —0.6 V with a varied deposition time between 0.1 and 10 s. This
resulted in a darkening of the contacts where the NPs were successfully
deposited.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Ag/AgCl Nanoparticles Deposition: Ag was electrodeposited on top of
the Pd contact in the reservoir, by using a solution containing 50 x 107 m
of AgNOj3 and 0.2 m sulfuric acid in di-water, by using a constant current
of =1 mA for 160 s. Ag/AgCl electrode was used as a RE and Pt wire was
used as a counter electrode (CE). Then CV was used to deposit chloride
on top of the Ag, by using a solution containing 0.5 m NaCl and 0.2 m
HCl in di-water. Five cycles were carried from —0.45 to 0.9 V with a scan
rate from 0.1 V s™' (data not shown).

PVA:PSS Bridge: The bridge was created by mixing PVA 10 wt% in
di-water with PSS 30 wt% that resulted in a mass ratio of 4:1 with
final PVA concentration 8 wt% and PSS 2 wt%. This 10 wt% PVA
(M, = 89000-98000 99% Sigma-Aldrich) powder was dissolved in
di-water while heating in a microwave oven for a total of 30 s, during
which, at 5 s intervals the microwave was paused, and the solution
was thoroughly vortexed until clear solution was obtained. Upon
continuous mixing, a 30 wt% solution of Na*PSS™ solution (Sigma
Aldrich) was slowly added into the PVA, afterward, the blend solution
was sonicated for 45 min. Prior to the deposition the viscous solution
was filtered with a commercial polyester (PET) filter of 0.8 um porous
size.

PEI:APTES Membrane: To reduce unwanted H* diffusion,
a 300 nm thick membrane consisting of PEl cross-linked with
3-aminopropyltrimethoxysilane (APTES) at a weight ratio of (1:1) with
a final concentration of 3% weight ratio in di-water was patterned. In
physiological and acidic pH, the positively charged amine groups of
PEI and APTES repelled positively charged H*, acting as a barrier to
undesirable H* diffusion. Cross-linked APTES groups stabilized the film.
The positively charged PEI membrane solution was created by mixing
polyethyleneimine (PEl: M,, = 800 Sigma-Aldrich) with (APTES at a
weight ratio of 1:1 with the final concentration of 3 wt%. This mixture
was spin-coated onto devices at 1000 rpm, with a ramp of 200 rpm s,
for 30 s and then baked at 60 °C for 20 min.

Characterization: Device characterization was done utilizing both an
Autolab potentiostat and national instruments (NI) PXI with a digital
multimeter (DMM) and a source measurement unit (SMU). A custom
labview program was controlling the NI system. Cyclic voltammetry (CV)
and frequency response analysis (FRA) were performed with the autolab
potentiostat.

Fluorescence ~ Measurements: ~ All  the fluorescence intensity
measurements were performed by a Keyence BZX microscope and
analyzed with an Image) software.

Synthesis of pH Sensitive Ac-Dex Microparticles (MPs): pH-sensitive
Ac-Dex was synthesized by following and modifying a previously
described method. 7!

pH-Triggered MPs Deformation: 1 mg mL™" Ac-Dex MPs were dissolved
in HEPES 10 x 1073 m buffer (pH = 7.3). The particles were sonicated for
45 min. For each measurement 20 L of solution was drop casted on
top of the device. A negative V =—1V versus Ag/AgCl pellet was applied
for 2 min, during which, the pH increased from the initial pH = 7.3 to
pH = 8. The pH of the solution was monitored by a micro pH electrode
(Fisher Scientific).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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