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Nomenclature

E	� potential with respect to the used reference 
electrode

i	 current density (current per area of the electrode)
I	 current
q	 charge density (charge per area of the electrode)
Q	 charge
Rf	 electrochemical roughness factor

	 For the usage of indices in the description of the 
protocols, see table 2.

1.  Introduction

Noble metal electrodes are widely used as neural 
interfaces for both recording and stimulation in 
the central and peripheral nervous system [1]. 
Platinum and its alloys with iridium are among the 
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Abstract
Objective. Electrochemical microsensors based on noble metals can give essential information on 
their microenvironment with high spatio-temporal resolution. However, most advanced chemo- and 
biosensors lack the long-term stability for physiological monitoring of brain tissue beyond an acute 
application. Noble metal electrodes are widely used as neural interfaces, particularly for stimulating 
in the central nervous system. Our goal was to recruit already deployed, unmodified noble metal 
electrodes (Pt, Pt/Ir) as in situ chemical sensors. Approach. With advanced electrochemical sensor 
methods, we investigated electrode surface processes, oxidizable species and oxygen as an indicator 
for tissue mass transport. We developed a unique, multi-step, amperometric/potentiometric sensing 
procedure derived from the investigation of Pt surface processes by chronocoulometry providing 
fundamental characterization of the electrode itself. Main results. The resulting electrochemical 
protocol preconditions the electrode, measures oxidizable and reducible species, and the open circuit 
potential (OCP). A linear, stable sensor performance was demonstrated, also in the presence of 
proteins, validating signal stability of our cyclic protocol in complex environments. We investigated 
our sensor protocol with microelectrodes on custom Pt/Ir-wire tetrodes by in vivo measurements 
in the rat brain for up to four weeks. Results showed that catalytic activity of the electrode is lost 
over time, but our protocol is repeatedly able to both quantify and restore electrode sensitivity 
in vivo. Significance. Our approach is highly relevant because it can be applied to any existing Pt 
electrode. Current methods to assess the brain/electrode microenvironment mainly rely on imaging 
techniques, histology and analysis of explanted devices, which are often end-point methods. Our 
procedure delivers online and time-transient information on the chemical microenvironment 
directly at the electrode/tissue interface of neural implants, gives new insight into the charge transfer 
processes, and delivers information on the state of the electrode itself addressing long-term electrode 
degradation.
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most common electrode materials and are used as 
either wires, needle-type electrodes, or as thin-film 
microelectrodes in microfabricated devices on various 
substrate materials [2]. Among the applications are 
deep brain stimulation probes to treat neurological 
disorders [3], intra- and epicortical electrode arrays 
to record neuronal activity [4], e.g. to control brain 
machine interfaces, as well as cochlear implants  
[5, 6]. Particularly the latter is the most successful 
neural implant in the last decades, which restores 
auditory function in the inner ear. The stability of the 
electrode/tissue interface, across which a stimulating 
current is injected or where potentials are measured, is 
crucial to the long-term functionality of such devices, 
which are typically aimed at chronic implantation over 
months or years.

Unfortunately, degradation and failures of such 
interfaces between biological and technical systems 
are often not fully understood [7]. Many times, record-
ing sites simply fail, and impedance analysis is the only 
available quantitative online method. Histology of the 
surrounding tissue is mostly limited to the end point 
after explantation and is typically done post-mortem 
[8, 9]. In general, presence of an implant is associated 
with neuronal degradation and progression of a glial 
scar, which both affect long-term performance [9]. 
Among others, the design, size, material, and mechani-
cal properties of the implant are all contributing fac-
tors [7, 10].

The changes in chemical microenvironment over 
the implant lifetime such as oxygen supply, pH or 
presence of reactive species causing oxidative stress is 
often unknown due to the lack of stable measurement 
methods. Additional miniaturized bio- and chemical 
sensors or microdialysis probes may be inserted [11], 
but result in additional tissue damage and limited spa-
tial resolution because of their size. Most severely, in 
vivo sensor stability does not extend beyond the acute 
implantation phase. Other methods require optical 
access [12, 13], expensive instrumentation, or can-
not discriminate intra- and extracellular values, i.e. 
nuclear magnetic resonance methods [14].

Therefore, it would be highly advantageous to use 
an existing unmodified noble metal stimulation or 
recording electrode itself as a chemical sensor, since it 
is already present in situ. Electrochemical techniques 
generally allow the online measurement of low physio-
logical concentrations of extracellular substances with 
high spatio-temporal resolution. Applied current den-
sities in these methods are magnitudes lower (<1 mA 
cm−2) than, e.g. in typical brain stimulation protocols 
(up to 300 mA cm−2 for 30 µC cm−2 charge density 
delivered in a 100 µs pulse [15]), so a minimal effect on 
surrounding tissue can be expected.

While the electrochemical behavior of platinum 
electrodes regarding electrical stimulation of the CNS 
has recently been studied closely [16–18], the applica-
tion of advanced electrochemical sensing protocols to 
neural implants has rarely been reported.

Platinum is a very common electrode material 
in chemical and biosensors because of its excellent 
catalytic properties. In many biosensors, specificity 
is achieved by an enzymatic reaction that produces 
hydrogen peroxide as an intermediary product, which 
is then oxidized at the platinum electrode generating 
a current proportional to the analyte concentration of 
interest [14]. Using this method, e.g. the neurotrans-
mitter glutamate can be measured in the brain in vivo 
[19–21]. Especially, the highly sensitive and fast bio-
sensing of neurotransmitter dynamics is limited to 
acute measurements over a few hours [14]. Even in 
the highly relevant field of continuous glucose moni-
toring, electrochemical sensor lifetime in vivo is only 
around one week [22]. The lack of overall biocompati-
bility at the interface, an adverse foreign body reaction, 
degradation of the immobilized enzyme or its carrier 
matrix, and limitation of analyte transport contribute 
to short lifetimes [22, 23].

As a chemical sensor, unmodified platinum is pri-
marily used for the direct amperometric reduction of 
oxygen. Long-term stability and prevention of elec-
trode fouling can be achieved, even without mem-
branes, by using specific chronoamperometric proto
cols that recycle the electrode surface periodically 
[24–27]. Selectivity is less critical because oxygen is the 
most relevant reducible species in biological environ
ments, but it can be further improved by electrode 
coatings. Selectivity and long-term stability may be 
further enhanced using the Clark principle with a gas-
permeable membrane separating the measurement 
electrolyte, which is however challenging to miniatur-
ize [28].

With appropriate electrode modifications and 
more advanced measurement protocols, the anodic 
detection of reactive oxygen species (ROS) [29], such 
as the superoxide anion, and reactive nitrogen species 
(RNS) [30], such as nitric oxide or peroxynitrite, is 
possible. The main challenges here are not only short 
lifetime and low concentration of the analytes, but also 
difficulty in discrimination between different species 
and also their decomposition products or metabolites 
[31]. Short-term measurements in cell cultures have 
been realized successfully [32], but in vivo applica-
tion is extremely challenging [33], mainly because of 
the difficulty in the controlled generation of particular 
species for in situ calibration purposes. Hydrogen per-
oxide is often measured as the only sufficiently stable 
reactive species and also being the product of the enzy-
matic decomposition of superoxide by superoxide dis-
mutase.

Therefore, it is clear that a generalized, long-term 
amperometric sensor protocol can only collect a com-
bined oxidation signal from the oxidizable species 
(oxidative stress) and a reduction signal, mainly from 
oxygen (tissue mass transport). The challenge lies in 
finding preconditioning steps to achieve stable meas-
urements for both oxidizable and reducible species 
with the same electrode, and reliably identifying and 
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separating the current contribution of the platinum 
surface processes. Additionally, an open circuit phase 
can be introduced for potentiometric measurements, 
which gives further quantitative information on the 
presence of both oxidizable and reducible species, e.g. 
dissolved oxygen [34]. Since the repetitive application 
of amperometry and potentiometry steps character-
izes the surface reactions, such a method will addition-
ally provide a basis for the evaluation of the electrode 
state itself, reporting on roughening, poisoning or cor-
rosion processes.

In this work, we present a unique electrochemi-
cal procedure for the usage of platinum electrodes 
as chemical sensors for long-term investigation of 
neural interfaces. It is based on a thoughtful, sequen-
tial combination of chronoamperometry and poten-
tiometry, in a multi-step protocol. We quantify and 
characterize anodic and cathodic platinum sur-
face processes by potential step experiments to be 
able to separate surface processes from redox pro-
cesses of analytes in the electrolyte within our sub-
sequent protocol. We derive sensor protocols, and 
demonstrate our procedure’s power by measuring 
common oxidizable and reducible analytes in an in 
vitro model, including the addition of proteins. We 
then apply our protocol to microelectrodes in the 
rat brain in vivo, investigating PtO formation and 
oxygen measurement. Our method is both able to 
restore and quantify catalytic activity of the elec-
trodes in situ after off-time for weeks.

2.  Methods

2.1.  Chemicals
Experiments in vitro were performed in 0.1  M 
phosphate buffered saline (PBS) as electrolyte. PBS 
was prepared from 85.18 mM Na2HPO4, 14.82 mM 
NaH2PO4 and 100 mM NaCl and adjusted to pH 7.4. 
Test substances to model redox active behavior were 
9.8 mM H2O2 prepared from 30% stock solution 
(Perhydrol, Merck, Germany) and 10 mM ascorbic 
acid (Sigma-Aldrich, Germany). Protein exposure was 
modelled by 1% bovine serum albumin (BSA) (Sigma-
Aldrich, Germany) in PBS.

To characterize the sensor protocol with dis-
solved analytes, an agitated setup with convection 
was employed (magnetic stirrer in a 40 ml beaker).  
Convection avoids concentration gradients caused 
by analyte consumption, which makes it possible to 
determine the behavior of the sensing protocol if the 
analyte is in controlled diffusion limitation.

Different concentrations of dissolved oxygen were 
adjusted by flushing the electrolyte with gas mixtures 
from pressurized air and nitrogen using an IL-GMix41 
gas mixing station (HiTec Zang, Germany). To remove 
dissolved oxygen, the electrolyte was bubbled with 
nitrogen gas for a minimum of 15 min, followed by 
flushing nitrogen gas at low pressures over the electro-
lyte throughout the experiment.

2.2.  Electrochemical setup
2.2.1.  Electrochemical characterization
The electrochemical measurement setup consisted of 
1 mm platinum disk electrodes (6.1204.190, Metrohm, 
Switzerland) or 3 mm platinum disk electrodes 
(932-00024, Gamry, USA) as working electrodes. 
A Ag/AgCl reference electrode with 3  M KCl inner 
filling (6.0733.100, Metrohm, Switzerland), and 
optionally as a double-junction electrode with 1  M 
CH3COOLi · 2H2O as bridge electrolyte (6.0726.100, 
Metrohm, Switzerland), were used. All potentials 
refer to the above mentioned Ag/AgCl reference 
electrodes with 3  M KCl inner filling. Platinum or 
carbon rods (Metrohm, Switzerland) acted as counter 
electrodes. All measurements were done in a three-
electrode-setup using a CompactStat potentiostat 
(Ivium Technologies, The Netherlands). Charge 
determination for chronocoulometry was done with 
a PGSTAT128 potentiostat (Metrohm Autolab, The 
Netherlands) using the FI20 integrator module. Cyclic 
voltammograms (CVs) were scanned in staircase 
mode, and current was also measured using the 
integrator.

2.2.2.  In vivo electrochemical setup
All measurements were done in a three-electrode-
setup using the Ivium CompactStat potentiostat.  
As working electrodes, we used insulated 76 µm 
(i.d.)/140 µm (o.d.) PtIr (90/10) wires (PT-3T, Science 
Products, Germany) twisted into a tetrode and soldered 
into a custom-made connector. The tips of the wires 
were cut and ground with a polishing disc to obtain 
circular electrodes. A 200 µm silver/silver chloride 
wire (540800, Science Products, Germany) was used 
as the reference electrode. The applied potentials were 
adjusted accordingly by subtracting 70 mV to account 
for the pseudo-reference electrode used in vivo. A 125 
µm Pt-wire (PT-5W, Science Products, Germany) 
without insulation was used as a counter electrode.

2.3.  Sensor protocol
The aim was to develop a sensor protocol to measure 
both oxidizable and reducible species with the 
different surface states of an unmodified Pt electrode. 
The main challenge lies in discriminating platinum 
surface processes, which always occur upon the 
application of potential steps, from analyte redox 
processes of dissolved analytes that occur at these 
potentials. Boundaries for the potentials are defined by 
the water window, beyond which oxygen and hydrogen 
evolution would occur on the anodic side and cathodic 
side, repectively.

2.3.1.  Chronocoulometry
In order to relate the chronoamperometric measure
ments to the surface processes, the integral of the 
current density can be evaluated. However, with digital 
signal acquisition of today’s potentiostats simply 
summing up measured current readings misses a 

J. Neural Eng. 17 (2020) 016007



4

A Weltin et al

substantial amount of charge, taking into account that 
the bandwidth of the potentiostatic control circuitry 
is orders of magnitude higher than the acquisition 
rate. In practice, the obtained results deviate from true 
charge measurements not only quantitatively but also 
qualitatively because of the different processes with 
different kinetics depending on the potential step 
that is considered. Therefore, charge measurements 
to derive the potentials in the chronoamperometric 
protocol were performed using the Autolab 
PGSTAT128N with the FI20 module which contains 
an analog integrator. This approach is in line with the 
findings of McMath et al [35]. Careful selection of the 
current range and integrator time constant is needed 
to obtain meaningful results. For chronocoulometric 
charge measurements addressing different surface 
processes we developed the following procedure:

	 •	�The current range needs to be sufficiently high to 
avoid saturation of the current at each potential 
step. As a rule of thumb, we used current range that 
is ten times higher than the maximum of the visible 
current, taking into account the considerably 
higher currents before the first data point is 
acquired. Observation of the analog current signal 
output from the potentiostat by an oscilloscope 
helps in identifying the optimal current range.

	 •	�Drift correction of the integrator from the FI20 
module is essential, taking into account that a 
relatively large current range needs to be chosen. 
The used software version (Nova 2.1.4) requires a 
manual reset of the drift before each measurement, 
which does not seem to be possible in combination 
with automated measurements (schedules). We 
recommend including an open circuit phase in any 
measurement procedure to verify successful drift 
correction.

	 •	�The substantial drift to be corrected because of 
the high current range, in combination with long 
measurement runs to study different parameters, 
requires a sufficiently high saturation charge. 
During long measurements (several tens of 
minutes), the actual charge could be twice as 
high as the corrected charge, which needs to be 
considered in the selection of the time constant of 
the integrator and thereby the saturation charge.

	 •	�Pretreatment: The surface state and thus open 
circuit potential (OCP) of platinum are strongly 
dependent on dissolved oxygen concentration, 
the last applied fixed potential, and time. For 
potential step experiments, it is therefore crucial to 
ensure a reproducible initial state of the electrode. 
For all chronocoulometric experiments, we 
used a preconditioning protocol of switching 
between  −0.4 V and 0.9 V five times for 20 s each 
to bring the working electrode to a defined state, 
followed by holding the cathodic potential at –0.2 
V for 120 s, to ensure an oxide-free surface.

2.3.2.  Chronoamperometry
The first part of the sensor protocol consists of a 
multi-step chronoamperometric measurement. 
The Pt electrode is repeatedly polarized to different 
anodic and cathodic potentials for a defined duration. 
In addition to the self-limiting surface processes, the 
resulting current from oxidation or reduction of 
dissolved analytes can be measured. This measured 
current is proportional to the analyte concentration, 
if the process is diffusion limited. In the anodic phase, 
different Pt oxides are formed with different growth 
kinetics depending on applied potential and duration 
[36]. For some substances, e.g. H2O2, the potential 
range for oxidation is in the PtO-region, and the 
reaction mechanism is modelled accordingly [37]. 
In the cathodic phase, the oxide is first reduced, and 
dissolved molecular oxygen can be reduced at the bare 
Pt electrode. Furthermore, the repeated formation and 
removal of oxide layers renews and cleans the surface 
and minimizes electrode degradation, such as by 
adsorbates altering catalytic properties and reduced 
mass transport to the electrode. In previous works, 
we have shown the long-term application of such 
protocols to measure oxygen in complex media with 
and without diffusion limiting membranes on the Pt 
electrodes [24, 25].

In this work, the anodic phase is utilized to meas-
ure the combined signal from oxidizable species such as 
reactive nitrogen/oxygen species or hydrogen peroxide. 
In principle, different species could be distinguished by 
their oxidation potential. However, that requires more 
complex electrochemical techniques not yet adapted to 
in vivo applications. The cathodic phase aims at meas-
uring dissolved oxygen, as no other major reducible 
species is present in neuronal environments. Currents 
from Pt surface processes overlay the currents caused 
by analytes, but are of course limited in the amount of 
charge they require. It is therefore crucial to identify 
and control the currents from the surface processes to 
obtain a generalized measurement protocol. Addition-
ally, the surface processes yield information about the 
state of the electrode itself, such as its roughness.

2.3.3.  Active potentiometry
After the amperometric phase, we include a 
potentiometric phase, in which the OCP of the Pt 
electrode is measured. In previous works, we have 
shown that the time course of the OCP after repeatedly 
applying different preconditioning potentials can be 
used to measure the concentration of dissolved analytes 
[34]. We call this principle ‘active potentiometry’ 
and demonstrated oxygen measurements across a 
wide concentration range. The transfer function 
of potentiometry is logarithmic, which allows high 
dynamic range, also at low concentrations. In this 
protocol step, after conditioning, the Pt electrode is pre-
polarized to cathodic potentials, and thus a controlled 
bare Pt surface state is attained. Upon switching to 
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potentiometric measurement mode, the formation of 
a native oxide can be observed by a rapidly increasing 
potential. This potential depends time-transiently on 
the concentration of dissolved oxygen that is reduced 
as the counter process to Pt oxide formation. The cyclic 
nature of the active protocol repeatedly generates a 
defined Pt surface and allows stable measurements 
over days. In this work, the chronoamperometric 
phases serve as the preconditioning. The following 
OCP depends on the presence and concentration of all 
combined redox active species, with dissolved oxygen 
playing a major role.

2.3.4.  In vivo surgery procedures
All experiments were carried out in accordance to 
protocols that were approved by the responsible 
Animal Care Committee of the Regierungspräsidium 
Freiburg (Permit G13/51), and all efforts were made 
to minimize the number of animals used, with respect 
to statistical constraints. Female Wistar rats (approx. 
300 g) (Charles River, Germany), housed in groups of 
two, under standard lighting (12 h light-dark cycle), 
22 °C and 40% humidity were used in this study, and 
were allowed access to food and water ad libitum. All 
experiments were conducted in accordance with the 
NIH guide for the care and use of laboratory animals 
[38].

Aseptic preparation techniques were used in all 
surgical procedures described. The rats were given a 
small dosage of inhalation anaesthetic to ensure ease 
of positioning into the stereotaxic frame, after which 
reflexes were tested and confirmed to be non-evoked 
by the pinch test. Animals were further anaesthetized 
with isoflurane (1%–1.5% and 1.5 l min−1 O2) during 
the implantation procedure by a tight fit nose cone. 
Once the rats were positioned in the stereotaxic frame 
(Model 900, Kopf Instruments, USA), skulls were dis-
infected, and fur was shaved for ease of access to the 
trepanation site and to avoid healing complications 
from hair and dander. Eyes were covered with a mois-
tening cream (Bepanthen, Bayer, Germany) to prevent 
drying related damage during the surgical procedure.

Once the animal was positioned in the frame and 
the reflexes were rechecked, a midline incision was 
made using a sterile scalpel. The subcutaneous tissue 
was removed using a blunt tip and the area where the 
trepanation needed to take place was cleaned of any 
residual bleeding. Bregma and Lambda-points were 
then located, and measures were taken to maintain the 
skull to be as level as possible. Once the target points 
were determined using the Paxinos–Watson rat brain 
atlas [39], trepanations were performed using a hand-
held dental microdrill, with a 0.9 mm drill bit. Drilling 
was done in short bursts and the progress was actively 
monitored to prevent damage to the dura using the 
drill. To prevent overheating of the skull or the frag-
ile neuronal tissue, the surface of the skull was flooded 
with 0.9% NaCl (Braun, Germany) which was periodi-
cally refreshed to maintain the temperature. Successful 

drilling leaves the meninges intact. The pilot hole was 
then widened to facilitate ease of probe insertion. Once 
the trepanation is complete, the meninges were care-
fully removed using a 23G cannula (Braun, Germany) 
with a nicked tip. Care was taken to prevent damage to 
the cortical layers by this tip. All bleeding was stemmed 
and cleaned before the probes were implanted into the 
sites of interest. The coordinates for electrode place-
ment were calculated with respect to the bregma and 
are given in table 1. Once all electrodes were implanted 
and secured in place using dental cement, the connec-
tor was placed and secured, and the skin was closed 
using surgical grade skin adhesive. The animals were 
administered with Carprofen (Carprieve, Bayer, 
Germany) for up to seven days post implant to help 
with pain relief. All measurements were performed 
on anaesthetized animals in the stereotaxic setup as 

described above.

3.  Results and discussion

3.1.  Deduction of the sensing protocols
The deduction of the sensing protocols was governed 
by the aim to measure different parameters (oxidizable 
and reducible species) with the very same electrode, 
as well as obtaining information about the electrode 
status and optionally, its recovery. In particular, the 
protocol was intended to enable preconditioning of 
the electrode surface for the measurement of different 
species with the goal to separate the response of surface 
processes from sensing of analytes. Since in vivo 
measurements were to be performed with anesthetized 
animals, repetitive measurements in each protocol 
phase required short protocol duration in the range of 
minutes.

3.1.1.  Cyclic voltammetry
Our measurement protocols are directly derived 
from the surface electrochemistry of platinum. Cyclic 
voltammetry was performed to investigate the surface 
state and identify appropriate potential regions for 
electrode conditioning and measurement. Figure 1(A) 
shows the steady-state cyclic voltammogram (CV) of 
platinum in PBS, with and without dissolved oxygen. 
On the left-hand side of the CV (potentials lower 
than around 0.2 V), the downwards shift caused by 
the reduction of dissolved oxygen can be seen clearly. 
Towards positive potentials, the oxygen reduction is 
inhibited by the presence of a surface oxide layer on the 
Pt. The oxide formation and the onset of its removal 

Table 1.  Stereotaxic coordinates, with respect to the bregma, for in 
vivo electrode placement in the rat brain.

Electrode

Anterior 

coordinate

Medio-lateral 

coordinate

Working electrode tetrode APB MLB  −1.5 mm

Reference electrode APB  −2 mm MLB  −1.5 mm

Counter electrode APB  −4 mm MLB  −1.5 mm

J. Neural Eng. 17 (2020) 016007
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on the right hand side of the CV are not influenced 
by dissolved oxygen. Overlaid on the CV curves are 
different regions for surface processes, along with the 
potentials E used for measurement (colored bars). In 
our sensing protocol the two fundamental states of the 
platinum electrode, oxide-free (−0.3 V) and oxide-
covered (0.4 to 0.7 V), are exploited. For the given 
limits, the obtained oxide is assumed to be PtO only. 
The potential range where the surface of the electrode 
is oxidized to PtO is typically also the region in which 
we expect the oxidation of relevant reactive species. We 
refer to this potential range as anodic sensing region, 
because we focus on oxidizable species. For some 
species such as H2O2 the presence of PtO is even the 
prerequisite for the oxidation process to occur [37]. In 
the oxide-free potential range the major reactions are 
reduction processes such as from dissolved oxygen. We 
refer to this range as cathodic sensing region.

The challenge in the derivation of the sensing 
protocols lies in the identification of the charge needed 
for the surface processes at given potentials, which can-
not be simply determined from the CV. Particularly, in 
the anodic sensing region the formation of PtO is not 
self-limiting, which results in a continuous, decaying 
background current which would disturb the meas-
urement of the current caused by the analytes. There-
fore, the desired amount of PtO is formed at a slightly 
higher potential, and afterwards the potential is low-
ered for anodic sensing. Optimized potentials and 
times to minimize the background current were cho-
sen based on results obtained from chronocoulometry 
(see section 3.1.2).

To compare charge densities by chronocoulometry, 
it is mandatory to truthfully determine electrochemi-
cal electrode roughness upfront. Figure  1(B) shows 
the determination of this roughness by integrating 
the CV in the Pt-H adsorption region [40]. The meas-
ured charge density qH was divided by the generally 
accepted 210 µC cm−2 [40] for polycrystalline plati-
num to determine the roughness factor Rf. Here, Rf 

was 1.10, which we consider a very smooth electrode. 
Typically, for this purpose, CVs are recorded in H2SO4. 
However, our measurements showed that the differ-
ence when performed in PBS is negligible (data not 
shown). Depending on the polishing of the particular 
electrode, we achieved roughness factors between 1.1 
and 1.3. In all following experiments, roughness of 
each individual electrode was taken into account by 
introducing a right axis in all chronocoulometric plots 
with normalized charge, taking into account qH and 
thus providing a scale independent of the actual Rf.

3.1.2.  Chronocoulometry: Pt oxide formation
Controlled and reproducible oxide formation on the 
Pt surface was accomplished by applying potentials 
in the oxide region of the Pt electrode (>0.2 V). We 
investigated the applied potential EPtO and time tPtO 
and correlated them with the resulting charge density. 
Figure  2(A) shows the charge density over time for 
different potentials EPtO between 0.3 V and 0.9 V, as 
derived from the integrator output. Charge density is 
also expressed in a normalized form (right axis), where 
we divide the charge density q by twice the charge for the 
previously determined Pt-H formation qH to account 
for the individual electrode roughness. Charging the 
double layer capacitance can be considered negligibly 
small in this context. The transient behavior of 
the charging is not seen in the chronocoulometric 
measurements (time constants less than ms). 
However, double layer capacitance might cause an 
offset in the presented results. Considering the double 
layer as an ideal, voltage-independent capacitor and a 
typical value for the capacitance density at platinum 
of 20 µF cm−2 [41], the contribution of the double 
layer charging is 5% or less of the total charge density 
at 5 s in a potential step experiment such as shown in 
figure 2(A). Other reactions are assumed not to take 
place. Neglecting the influence of the double layer 
capacity, the value q/(2qH) approximates the number 
of PtO monolayers. For our intended protocol, the 

Figure 1.  (A) CVs of platinum disk electrodes at 50 mV s−1 scan rate in 0.1 M PBS with and without dissolved oxygen. Characteristic 
surface processes such as PtO formation, oxide reduction and Pt-H formation/desorption can be observed. The difference between 
the two curves on the left-hand side is the reduction current of dissolved oxygen. Potentials used in the derived chronoamperometric 
protocol for platinum oxide formation, anodic and cathodic sensing are indicated. (B) CV to quantify electrochemical surface 
roughness by integrating the current to determine the charge during Pt-H formation. Here, a Pt-H formation charge, qH, of 230 µC 
cm−2 was measured, corresponding to a roughness factor, Rf, of 1.10.
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final values of EPtO and tPtO should be large enough to 
form at least in the range of one monolayer of PtO on 
the surface (EPtO � OCP) and should be low enough 
to avoid the formation of O2 at the electrode.

Measurements showed an increase in charge den-
sity over time towards a saturating behavior for each 
respective potential. Higher potentials build up charge 
more rapidly and have a higher saturation. This find-
ing confirms the assumption that certain states of Pt 
oxide cannot be achieved unless a certain applied 
potential is exceeded, but shows that this process is also 
time dependent. In practice, this means that in poten-
tial step experiments to determine charge injection or 
transfer of electrodes, such as for electrical stimula-
tion, applied potentials and time have to be taken into 
account, and potential sweep experiments will only 
yield limited information.

Within 30 s, less than half a monolayer formed at 
0.3 V and of 1.5 monolayers at 0.8 V. At 0.9 V, the charge 
density became disproportionally higher, which is 
caused by the onset of molecular oxygen evolution. 
For potentials below the onset of oxygen evolution, 
the charge density increases roughly linearly with the 
applied potential, as expected from the CV.

Based on these findings, we selected for the proto
col EPtO  =  0.7 V as the potential to form PtO in a con-
trolled, reproducible way. More than one monolayer 

is formed within 5 s and therefore reasonably fast 
enough for practical applications. This potential is also 
sufficiently separated from both OCP and oxygen evo
lution and therefore tolerant to small shifts in the refer-
ence electrode potential.

The major purpose of the first step with regard to 
sensing is controlled PtO formation to bring the elec-
trode to a defined state and to achieve catalytic prop-
erties for oxidizable species. Additionally, the current/
charge can be used as an indicator for the electrode’s 
status. With an appropriate cyclic protocol as shown 
here, current/charge will then depend on the electrode 
surface at a given potential/time combination. That 
makes PtO formation a measure for electrode rough-
ness, e.g. in studies of electrode corrosion or degrada-
tion.

3.1.3.  Chronocoulometry: anodic sensing region
The next building block of our protocol is a sensing 
region, where oxidizable species are to be oxidized, 
with the background current ideally kept zero: the 
anodic sensing region. Its potential Eanod needs to be 
below EPtO, as to avoid the formation of further surface 
oxides. Yet, Eanod should be high enough to maintain a 
full monolayer of PtO on the electrode surface. Ideally, 
there should be no current flow in this region in the 
absence of analytes. We determined Eanod by applying 

Figure 2.  Chronocoulometric measurements of different potential step experiments to characterize Pt surface process in 
deoxygenated neutral electrolyte for derivation of the sensor protocol. The ratio of charge density, q, to twice the charge for hydrogen 
adsorption, qH, yields an estimation of the number of PtO monolayers while accounting for electrode roughness. The dashed lines 
indicate the time later selected for the protocol. (A) Formation of platinum oxide at different anodic potentials EPtO. An increasing 
number of PtO monolayers is formed with increasing potential with a stabilization over time. (B) Anodic sensing, where PtO 
formation at 0.7 V is followed by a lower anodic potential Eanod to measure oxidizable species. Only one potential combination exists 
(here 0.7 V and 0.4 V) in which the current in the second step is zero. (C) Cathodic sensing, where the previous steps are followed 
by oxide removal at cathodic potentials. Potential selection is a trade-off between oxide removal and dissolved oxygen reduction. 
(D) Chronocoulometric signal of complete protocol. In the absence of dissolved oxygen, each chronoamperometry cycle results in 
a slightly anodic net charge. In the presence of oxygen, the superimposed reduction of dissolved oxygen leads to a strongly cathodic 
charge imbalance. As expected, potentiometry involves no change in charge.
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the determined EPtO  =  0.7 V for 5 s and then different 
potentials for EPtO between 0.2 V and 0.5 V, also for 
30 s. Figure  2(B) shows the resulting charge density 
over time. As determined before, EPtO applied for 
5 s leads to a very reproducible formation of around 
1.25 monolayers. Remarkably, it can be observed that 
for one given EPtO, there exists only one Eanod which 
approaches zero change in charge (here in the range 
of 0.35-0.4 V). However, within the first few seconds, 
some PtO is assumingly reduced due to the potential 
step. For Eanod less than 0.35 V, even a continuing 
decrease in charge density was observed, although 
the CV predicts that no PtO reduction occurs until 
the overpotential at much lower potentials is reached. 
For higher Eanod the charge increases further with, e.g. 
0.55 V reaching roughly the same charge density after 
30 s as the initial 0.7 V. This behaviour corroborates 
our take on the formation of PtO: both potential and 
time determine the charge transfer. For appropriate 
potentials, zero current flow is achieved within a few 
seconds, leading to a short duration for this phase. 
For the already set EPtO  =  0.7 V (see section  3.1.2), 
we therefore chose Eanod  =  0.4 V for 5 s as the anodic 
sensing potential. Regarding the sensing of oxidizable 
species, our findings implicate that for other anodic 
sensing potentials Eanod, a different EPtO has to be 
chosen, which may be difficult to achieve for higher 
potentials and further underlines the challenge of 
sensing oxidizable species with unmodified electrodes.

3.1.4.  Chronocoulometry: cathodic sensing region
The third building block of our protocol and the final 
amperometric step is the cathodic sensing region in 
which dissolved oxygen can be reduced. Its potential 
Ecath should lie well below the OCP in the oxide-free 
region and still high enough so that it is not affected 
by the formation of Pt-H. We determined Ecath by 
applying the determined EPtO  =  0.7 V and Eanod  =  0.4 
V for 5 s each, and then different potentials for Ecath 
between 0.1 V and  −0.5 V, again for 30 s. Figure 2(C) 
shows the resulting charge over time. As demonstrated 
before, the first two steps reproducibly yield in more 
than one monolayer Pt oxide. The subsequent cathodic 
step almost completely reduces the oxide, as indicated 
by the charge density’s return towards zero. However, 
the behavior of the different cathodic potential 
deviates from the expectation based on CV. For the 
range between Ecath  =  +0.1 V and  −0.3 V, negative 
charges are achieved more rapidly with a more positive 
potential. Ecath  =  +0.1 V fully removes one monolayer, 
whereas  −0.3 V leaves around 0.25 monolayers. This 
behavior is counterintuitive, as it could be assumed 
that the PtO reduction occurs faster the more negative 
the overpotential is. Furthermore, even though no 
oxygen was present in this measurement, for potentials 
around 0 V charge densities further extended to 
negative values, although no Pt-H formation can be 
assumed. The two most negative potentials deviate 
from this behavior. E3  =  −0.5 V yields negative charges 

faster than E3  =  −0.4 V, which can be explained easily 
by the negative current contributions by the onset 
of Pt-H formation. Additional investigation of the 
complex behavior of the cathodic step is beyond the 
scope of this work. We suggest, e.g. a combination of 
chronocoulometry in potential step experiments with 
electrochemical quartz crystal microbalance (EQCM) 
measurements.

The derivation of Ecath directly from the surface 
processes is not as straightforward as for the two previ-
ous building blocks, because its purpose is not only to 
reduce the oxide, but also to measure dissolved oxygen. 
The CV predicts oxygen reduction from around  +0.2 
V downwards (see figure 1(A)). We know from previ-
ous work that a lower potential (around  −0.3 V) will 
result in a better oxygen sensor with respect to linearity 
and sensitivity [24, 25]. Based on these considerations, 
we selected Ecath  =  −0.3 V as a potential for cathodic 
sensing. Oxide removal is apparently sufficient for the 
oxygen reduction to occur, and the lower potential is 
beneficial for the latter. Even lower potentials would 
result in unwanted contributions from Pt-H forma-
tion. For the sensor signal, it is also beneficial to oper-
ate in a diffusion limited regime. We consequently 
increased the duration of Ecath to 20 s, such that the 
consumption of oxygen at the electrode will generate 
a larger diffusion zone. In principle, the PtO removal 
and cathodic sensing could be separated into two sepa-
rate steps [24, 25], analogous to the PtO formation and 
anodic sensing. However, in the cathodic domain it is 
not possible to clearly separate between surface state 
and sensing contributions. Therefore, a single chrono-
amperometric step with an extended timespan was 
applied.

3.1.5.  Combined sensing protocol
Figure 3 shows the complete, combined chrono
amperometric and potentiometric measurement 
protocol. It consists of three repetitions of the 
three chronoamperometric cycles, PtO formation, 
anodic sensing and cathodic sensing, by applying the 
determined potentials EPtO, Eanod, and Ecath, followed 
by the OCP phase. The top graph shows the three 
chosen potentials for chronoamperometry and the 
output of the potentiometric measurement. The 
bottom graph shows the current responses of the 
chronoamperometry and the zero current during 
potentiometry. Both graphs are plotted with and 
without dissolved oxygen. In the potentiometric phase, 
as expected in lack of dissolved oxygen, the potential 
stays negative near Ecath. In presence of dissolved 
oxygen, PtO forms on the platinum as indicated by the 
sharp increase of the OCP from  −0.3 V towards  +0.25 
V. It can be observed in the amperometric curve that 
dissolved oxygen does not influence PtO formation 
or anodic sensing. However, a downwards shift due to 
the oxygen reduction can be observed during cathodic 
sensing. As expected, the current remains zero during 
potentiometry. Since obviously the final potential at 
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the end of the OCP phase affects the state of the Pt prior 
to the next chronoamperometric cycle, we repeated the 
chronoamperometric procedure three times to ensure 
reproducible Pt behavior.

The current was evaluated twice during each part 
of the three chronoamperometry cycles and twice dur-
ing potentiometry (figure 3, circles), which amounts 
to 20 points in total. In order to distinguish between 
transient and stationary conditions, the first evalua-
tion took place one second after the beginning of each 
step (dubbed transient), the subsequent one a full sec-
ond before the end (dubbed stable). The designations 
of each point are summarized in table 2 and examples 
are indicated in figure 3.

Figure 2(D) shows the chronocoulometric meas-
urement of a complete protocol run with and with-
out dissolved oxygen. With lack of oxygen the three 
potential steps in the chronoamperometric cycle result 
in a slightly positive net charge, as predicted by the 
results shown in figure 2(C). With dissolved oxygen 
present, the charge density is heavily skewed towards 
the cathodic side due to the charge resulting from the 
reduction of dissolved oxygen. In each cycle, a cathodic 
charge equivalent to almost two PtO monolayers is 
added on top of the Pt surface processes. There is no 
change in charge measured during the potentiometric 
phase, which confirms successful drift compensation 
of the integrator. However, the influence of the charge 
transfer in the potentiometric phase (formation of 

PtO by reduction of dissolved O2) is nonetheless vis-
ible, because the curve in presence of oxygen in the 
measurement medium has considerably less anodic 
charge in the first two steps, as some PtO was already 
formed during the potentiometry.

For neural interfaces these findings have a num-
ber of important implications: First, whether a series 
of potential steps, e.g. during stimulating pulse trains 
in vivo or for the characterization of charge injection 
of electrode materials, drifts towards the anodic or 
cathodic charge side is completely dependent on the 
applied potentials and their duration. Either direc-
tion can be justified entirely without considering 
irreversible processes of the platinum. Consequently, 
investigations on irreversible processes, such as cor-
rosion or dissolution, should take these findings into 
consideration. In addition, measurement results are 
also heavily influenced by the instrument and method 
chosen. Results without using an analog integrator 
should be interpreted with caution. Second, if there 
is dissolved oxygen present, as in almost any in vivo 
situation, the contribution of its reduction current to 
faradaic charge transfer of the Pt electrode is not neg-
ligible and may be larger than the surface processes in 
a well-oxygenated environment such as the brain. That 
also means local oxygen concentration will influence 
charge injection mechanisms into the tissue. Third, so-
called ‘charge-balanced’ stimulation protocols may 
shift their balance or mechanism with varying oxygen 

Figure 3.  One scan of the developed multi-step chronoamperometric and potentiometric sensor protocol. In three 
chronoamperometric cycles, three different potentials are set: EPtO  =  0.7 V for PtO formation, Eanod  =  0.4 V for anodic sensing and 
Ecath  =  −0.3 V for cathodic sensing (top graph). The corresponding current responses with and without dissolved oxygen are shown 
in the bottom graph. The dissolved oxygen reduction current is measured by cathodic sensing. The fourth cycle is the potentiometric 
sensing where the OCP is measured (top) and the current is zero (bottom graph). The OCP rapidly shifts upwards if dissolved 
oxygen is present. The data extraction points are indicated by the circles and described in table 2.
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concentration. In current-controlled experiments, the 
charge transfer mechanism may change with oxygen 
concentration. In potential-controlled experiments, it 
is very difficult to achieve charge balance at all, even if 
no oxygen is present.

3.1.6.  Active potentiometry: OCP
For potentiometric measurements of the OCP, only 
the preconditioning potential and the duration of the 
measurement can be varied. Here, the electrode is already 
conditioned to its oxide-free surface state, as determined 
by Ecath, the last step of the chronoamperometric 
measurement in the cathodic region (see figure 2(C)). 
Therefore, no additional preconditiong is needed 
between chronoamperometry and potentiometry. 
Figure  3 (top) shows the difference in the output 
signal with and without oxygen, as already discussed 
above. From previous works we know that the time 
course of this pseudo-equilibrium depends on oxygen 
concentration, and that the OCP phases need to be long 
(10 min) to achieve a more consistent slope across a 
concentration range of several decades [34]. In this work, 
a semi quantiative behaviour is expected to be sufficient. 
We therefore dediced to use an OCP duration of 30 s, 
because it allows a sufficiently high temporal resolution, 
while still showing strong oxygen dependency and a 
variation in the output signal of over 0.5 V.

3.2.  Characterization of the sensor protocol
The developed sensor protocol for oxidizable and 
reducible species was characterized by the chrono 
amperometric sensing of test substances. We chose 
hydrogen peroxide as a stable, oxidizable reactive 
species, ascorbic acid as a stable, biogenic oxidizable 
species, and dissolved oxygen as a reducible species. 
We used the stable value of the last cycle, Ia, 3 s or 
Ic, 3 s, for extraction of the chrono amperometric 
calibration curves, because they have the most defined 
and reproducible conditions. Evaluation at the other 
points also yields similar calibration results. However, 
a detailed investigation of the influence on the sensor 
performance was beyond the scope of this work.

3.2.1.  Calibration with hydrogen peroxide
Hydrogen peroxide was used to stand in as a test 
substance for any oxidizable species. Figure  4(a) 
shows the calibration, as measured by ia, 3 s, which 
exhibits excellent linearity across the entire range 
and a defined zero-point with practically no offset. 
The detection limit (calculated using 3 σ) was 6 µM. 
These findings show that the developed protocol does 
not introduce any additional current contributions 
by surface processes during the measurement of 
redox active analytes. Also, the signal was not limited 
by the catalytic properties of the platinum but by the 
mass-transport to the electrode. Sensitivity of 0.91 
µA cm–2 µM–1 and a linear range up to 500 µM are in 
the same range as other sensors reported in literature 
using unmodified Pt electrodes with amperometric 
[21] or chronoamperometric principles [42]. The 
apparently lower precision at higher concentrations 
most likely originates from noise-like fluctuations in 
mass transport caused by the stirring and is not caused 
by the sensing principle. The healthy tissue provides a 
natural diffusion limitation which is higher than that 
of the test solution, so this effect is of low relevance in 
in vivo applications. Furthermore, it should be noted 
that hydrogen peroxide, unlike most other reactive 
species, can also be reduced at the Pt electrode in 
the cathodic sensing region. As expected, a negative 
current response with comparable sensitivity and 
linearity as for the anodic measurement was found.

3.2.2.  Calibration with ascorbic acid
Ascorbic acid was another oxidizable species used to 
stand in as a biogenic test substance. Figure 4(b) shows 
the calibration curve, as measured by ia, 3 s, which again 
exhibits excellent linearity up to 1 mM and a defined 
zero-point with negligible offset. The detection limit 
(calculated using 3 σ) was 3 µM. The lower precision 
at higher concentrations was again caused by mass-
transport effects, as described for hydrogen peroxide. 
Sensitivity of 0.52 µA cm–2 µM–1 was about half that 
of hydrogen peroxide. Both hydrogen peroxide and 
ascorbic acid are oxidized in a two-electron process. 

Figure 4.  Calibrations for different test substances in PBS using the developed amperometric sensor protocol, which show 
reproducible, stable, highly linear behavior across a wide concentration range with a defined zero point and no offset. (A) Anodic 
hydrogen peroxide detection, where the addition of 1% albumin reduced sensitivity by 23%. (B) Ascorbic acid, where the addition of 
1% albumin reduced sensitivity by 51% (C) dissolved oxygen up to air-saturation.
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The measured difference in sensitivities indicates that 
mass-transport of ascorbic acid is lower due to the 
larger molecule size.

3.2.3.  Calibration for dissolved oxygen
Oxygen is a crucial parameter in vivo and the primary 
reducible substance. Figure  4(C) shows the chrono 
amperometric calibration with the resulting reduction 
current from ic, 3 s. The calibration extends up to 228 
µM concentration, which corresponds to the dissolved 
oxygen in PBS saturated to the atmospheric oxygen 
content at normal pressure. A highly linear behavior 
was observed across the entire range. A stable and 
defined zero point was achieved, with an offset around 4 
µM (below 2% of the measurement range). Sensitivity 
of  −0.29 µA cm−2 µM−1 was comparable to values 
reported in literature for unmodified Pt electrodes  
[25, 42]. Accuracy of the individual measurement 
points was dominated by the method of adjusting 
oxygen levels, rather than the sensing principle.

We also evaluated the potentiometric oxygen meas-
urement, as shown in figure 5 by the potentials Eo, 4t 
and Eo, 4s. As expected, for such a relatively short dura-
tion, the response does not follow a perfectly logarith-
mic behavior. For the earlier time point Eo, 4t, that 
results in a slightly sigmoidal curve shape, whereas for 
the later time point Eo, 4s, it results in a saturating shape. 
Still, the clear advantage of the logarithmic transfer 
function, an increased sensitivity at lower concentra-
tions, can be observed. Additionally, the potentiometric 
principle does not consume the analyte and is therefore 
independent of mass-transport. Both of these aspects 
make active potentiometry a promising method to 
complement measurement in hypoxic environments.

3.2.4.  Influence of protein adsorption
Proteins that adsorb to implants and electrodes are 
present in most biological environments. We therefore 
investigated the influence of proteins on the sensor 

performance. 1% BSA (Sigma-Aldrich, Germany) 
was dissolved in the electrolyte, and calibrations were 
performed. The oxygen calibration involves bubbling 
the electrolyte with gas, which would cause strong 
foaming. For this reason, the oxygen calibration with 
proteins was not feasible. For both ascorbic acid and 
hydrogen peroxide the calibrations show a stable, linear 
and reproducible behavior, however with reduced 
sensitivity (figures 4(A) and (B)). All properties remain 
the same, with the exception of sensitivity, indicating a 
simple diffusion limitation by the physical presence of 
proteins on the electrode, while the cyclic nature of the 
protocol maintains the catalytical properties of the Pt. 
No time-dependent effects were observed. Sensitivity 
for hydrogen peroxide was reduced only by 23%, while 
that of ascorbic acid was reduced by 53%. That can be 
explained by ascorbic acid being the considerably larger 
molecule, which diffuses through an adsorbed protein 
layer more slowly, and which further supports the 
assumption of the protein acting as a simple diffusion 
limitation. Protein adsorption at the electrode was 
fully reversible by cleaning with acetone, isopropanol 
and deionized water. Subsequent electrochemical 
conditioning and investigation with cyclic voltammetry 
confirmed the restoration of all Pt properties.

3.2.5.  Stability of protocol and electrode
Investigating the stability of our proposed protocols, it 
is important to determine if the protocol itself affects 
the platinum characteristics. In literature, CVs are 
typically acquired in deoxygenated 1 N H2SO4 to verify 
the characteristic properties of the platinum electrode 
since they are potentially masked in neutral electrolytes 
[36, 43–45]. Still, we found the main characteristics 
replicable in PBS, as shown in figure 1.

Long-term measurements with hydrogen perox-
ide or ascorbic acid at low concentrations are difficult 
because of the decomposition of the analytes, which is 
also facilitated by the presence of platinum as a catalyst. 

Figure 5.  Active potentiometric oxygen sensor calibration. The relatively short time for the development of a pseudo-equilibrium 
leads to a slight deviation from the expected logarithmic behavior. Here, the evaluation at the earlier time point Eo, 4t leads to a 
sigmoidal curve, whereas the later time point Eo, 4s leads to a saturating curve. Still, both curves clearly illustrate the advantage of the 
potentiometric principle, which has increased sensitivity at lower concentrations.
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Therefore we addressed long-term stability in terms of 
active electrode surface. We verified electrode proper-
ties continuously before and after each experiment. 
Total charge delivery over the CV may be an easily 
accessible measure for the electrode state, although we 
do not recommend it: the method depends too much 
on the boundaries of the potential and hence the cur
rent contribution by oxygen and hydrogen formation. 
We consider the determination of proton adsorption 
in deoxygenated H2SO4 [40] or PBS (figure 1(B)) the 
gold standard electrochemical method for quantifica-
tion of Pt surface roughness. Over the course of sev-
eral months of continuous use of individual electrodes 
in PBS without any polishing, we did not observe any 
significant changes in current density, surface rough-
ness or catalytic properties. Over this time we applied 
a high number of chronoamperometric cycles (several 
10 000) in neutral pH, chloride and phosphate con-
taining electrolyte with no considerable change to sig-
nal shape, overall charge and levels of faradaic currents 
at given time points. Deviations often described in 
literature likely result from internal or external impu-
rities of the platinum electrode or the electrolyte and 
resulting current contributions from processes not 
attributed to the Pt surface processes [46]. Further, our 
protocol lies well within the water window and cur
rent densities are low compared to typical electrical 
stimulation protocols. We therefore can conclude that 
our protocol does not affect the platinum surface irre-
versibly, neither in terms of area nor in terms of cata-
lytic activity. This finding is also in agreement with our 
previous data from amperometric and potentiometric 
long-term measurements with both macroscopic and 
thin-film Pt electrodes [21, 24, 25, 34].

3.3.  In vivo results
3.3.1.  In vivo measurement
We tested the developed sensing method on 
microelectrodes in the rat brain for up to four weeks 
after implantation. Directly after the implantation 

procedure, electrodes were briefly checked for 
connection, but no long measurements were done 
because the results are expected to be heavily affected 
by the acute trauma of insertion, bleeding and 
disruption of the brain blood barrier [9, 47]. After two 
weeks, when we expect the aforementioned effects 
to be largely mitigated, animals were anaesthetized, 
electrodes were connected to the measurement setup, 
and each electrode was measured individually over 
30 min. This procedure was repeated after two more 
weeks. Data from six electrodes in two animals was 
evaluated and is discussed as follows.

The current/potential response of the combined 
chronoamperometric/active potentiometric meas-
urement protocol could be successfully recapitulated 
in vivo (figure 6). Unlike most other reports, measure-
ments were done in a 3-electrode setup, which enables 
more advanced electrochemical protocols and is a pre-
requisite for potentiometric measurement. Charac-
teristics in the curves included the current from PtO 
formation, a very low current in the anodic sensing 
region, and a distinct current from oxygen reduction. 
The OCP quickly returns to positive regions confirm-
ing the presence of oxygen. The low current in the 
anodic region either means no oxidizable species are 
present or a local depletion to a negligible concentra-
tion occurs during PtO formation.

The most important observation was that time 
transient measurements after two and four weeks 
showed a distinct recovery behavior with a 50%–80% 
increase in current magnitude over time, primarily 
over the first ten cycles (20 min), and a stable behav-
ior afterwards (figure 7). The effect was strong, and it 
shows that the cyclic protocol is both able to regenerate 
essential electrochemical properties of the platinum in 
vivo and is also able to quantify them at the same time. 
This recovery effect was quantified as the increase 
between the first cycle (0–2 min) of each measurement 
and the average of cycles 10–15 (20–30 min), since the 
recovery seems to be completed.

Figure 6.  In vivo raw signal of one combined chronoamperometric/active potentiometric scan in the rat brain. The protocol 
includes three 3-step amperometric cycles and one potentiometry phase. The circles denote the early and late time points within 
the cycles at which the currents/potentials were evaluated. Positive currents from PtO formation, negative currents from oxygen 
reduction and a rapid potential change towards positive values due to the presence of oxygen are clearly visible.
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3.3.2.  Chrono amperometry
The observed recovery over time of the PtO formation 
current (defined as the increase in relation to the 
stabilized value) was 84%  ±  6% (n  =  12) for 
the earliest time point, Ip, 1t, in the protocol and 
49%  ±  16% (n  =  12) for the latest time point in 
the protocol, Ip, 3 s, (figure 8(A)). Notably, for the 
cathodic sensing, the recovery was 82%  ±  4% 
(n  =  12) for the initial time point in the protocol, Ic, 
1t, and 57%  ±  12% (n  =  12) for the late time point 
in the protocol, Ic, 1t, (figure 8(A)). Figure  8 shows 
standard box plots with all measured values, boxes for 
quartiles, and whiskers for the 1.5 interquartile range 
(IQR). There was no significant difference between 
the measurements after two and four weeks, which 
was confirmed by a Wilcoxon signed-rank test with 
all p -values larger than 0.1. The stronger increase and 

lower scatter for both current types at the early time 
points indicates that much of the recovery happens 
early in the protocol, and that the repetition of the 
anodic and cathodic chronoamperometry steps clearly 
adds to overall stability. It also underlines, that the 
early time points very likely more suitable to detect 
electrode surface changes, whereas the later time 
points are influenced more by analyte concentrations 
and possible fluctuations thereof. The outlier in the 
recovery at the stable time point (figure 8(A)) means 
that the electrode did not recover, because in this case it 
had apparently already done so at the transient point.

Importantly, the strength of the recovery effect was 
almost the same for PtO formation and cathodic sens-
ing, even though the former is a surface process and 
the latter an analyte redox process. We can therefore 
conclude the recovery is primarily the regeneration of 

Figure 7.  Exemplary evaluated current values of PtO formation (Ip, 3 s) and cathodic sensing (Ic, 3 s) s (normalized to the final 
value of PtO formation) to illustrate the recovery effect for positive and negative currents within the first 30 min of the in vivo 
measurement. The cathodic current due to oxygen reduction is around 5-fold higher than that of the surface process.

Figure 8.  Recovery of parameters in vivo as standard box plots including all values, boxes for quartiles, and whiskers at 1.5 IQR. (A) 
Current recovery during the first 30 min of in vivo measurement for PtO formation and cathodic sensing. The extent of recovery is 
roughly the same even though one is a surface process and the other primarily an analyte redox process. This indicates a restoration 
of electrode catalytic activity rather than removal of a diffusion limiting layer. The transient time points showed a higher recovery 
than the stable points, which indicates that the major part of the recovery process happens early in the protocol. There was no 
significant difference between measurements after two and four weeks, as confirmed by a Wilcoxon signed-rank test. (B) Recovery of 
the OCP, which underlines that potentiometric measurements also benefit from preconditioning of the protocol. (C) Absolute OCP 
indicating a well-oxygenated environment.
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active surface/catalytic activity of the platinum. The 
removal of a diffusion limiting layer would not be seen 
in the PtO formation. Since the magnitude of the cur
rent goes up, we can also rule out a continuous deple-
tion of oxidizable or reducible species at the electrode 
caused by the measurement.

Since the recovery effect is severe and only hap-
pens due to the cyclic nature of the protocol, the use 
of constant potential amperometry with unmodi-
fied electrodes is questionable in vivo. Furthermore, 
it shows that catalytic activity of Pt electrodes is lost if 
they are not repeatedly conditioned, which has severe 
implications for electrical recording and stimulation 
electrodes, as well as for impedance measurements, 
because it strongly affects the charge transfer process.

The finding that the PtO formation also undergoes 
a strong recovery makes the determination of tran-
sient oxidizable species with this protocol (or any other 
amperometric method) very challenging. Contrib
utions from PtO formation currents both overlap with 
and change the magnitude of oxidation currents of 
oxidizable species.

In vitro experiments showed that the addition 
of a model protein does not lead to a decrease the 
PtO formation current, only the currents for dis-
solved analytes, as shown in figure 4. Thus, the strong 
decrease and subsequent recovery found in vivo can-
not be attributed to the presence of proteins only but 
is assumingly caused by the specific situation in vivo 
including the immune response, e.g. the attraction 
of microglial cells and alterations in the biochemical 
microenvironment [7, 9].

3.3.3.  Active potentiometry
The OCP also exhibited a recovery effect. The relative 
increase in OCP was 46 mV  ±  23 mV (n  =  12) (figure 
8(B)). Figure  8 shows standard box plots with all 
measured values, boxes for quartiles, and whiskers for 
1.5 IQR. This finding again confirms that the platinum 
loses catalytic activity over weeks of implantation, 
which recovers after a few protocol cycles. In principle, 
accumulation of redox active substances could also 
affect OCP, but the amperometric part of the protocol 
would largely consume most potential candidates, and 
no persistent current contributions were observed. 
The OCP after recovery is a measure for oxygen 
concentration. The absolute value of the OCP was 209 
mV  ±  33 mV (n  =  12) (figure 8(C)), which indicates 
a well oxygenated environment. Again, there was no 
significant difference between the measurements 

after two and four weeks for both relative and absolute 
change in OCP, which was confirmed by a Wilcoxon 
signed-rank test with all p -values larger than 0.1.

While it is clear that the potential of noble metal 
electrodes strongly depends on the presence of elec-
troactive species, this aspect is often not considered. 
Our findings show that absolute potentiometric 
measurements (e.g. DC potential, redox potential) 
without a defined pretreatment or application of the 
active potentiometry method may lead to question-
able results and explain the high variations often found 
in the literature. Also, in differential methods such as 
electrical recording or stimulation, where the absolute 
potential is often neglected and only AC signals are 
considered, the absolute potential may play a role and 
preconditioning could potentially lead to robust and 
reproducible results.

4.  Conclusions

We developed a universal electrochemical sensor 
protocol for platinum electrodes as in situ chemical 
sensors at neural interfaces. The developed procedure 
can be applied to any pre-existing implanted 
platinum electrode at neural interfaces to provide 
information on both the chemical microenvironment 
and state of the electrode. We thoroughly investigated 
Pt surface processes by chronocoulometry during 
potential step experiments as a basis to derive a 
multi-step chronoamperometric protocol, which 
we uniquely combined with active potentiometry. 
This approach introduces not only different transfer 
functions for the presence of redox active species 
in the microenvironment; it also addresses the 
two fundamentally different types of electrodes 
used in neuroscience—those with a current flow 
(stimulation) and those in (pseudo-) equilibrium 
(recording). Our chronocoulometric study of the 
platinum provides fundamental information on 
the charge transfer process in neutral media and 
thus points beyond the scope of our immediate 
application. The implications on safe and efficient 
stimulation have to be considered further. With the 
developed protocol, we were able to successfully 
separate Pt surface process from analyte redox 
processes. Deriving the current extraction in the 
chronoamperometry from detailed knowledge of 
the surface charge gives insight into the state of the 
electrode beyond impedance spectroscopy or cyclic 
voltammetry, opening new possibilities for neural 

Table 2.  Nomenclature of data evaluation points in combined chronoamperometric and potentiometric protocol (see figures 3, 6, 8).

Readout method Sensing region Cycle Time point

Current: I PtO formation: p

Current density: i Anodic sensing: a 1–3 Transient: t (1 s after potential change)

Cathodic sensing: c Stable: s (1 s before end of potential step)

Potential: E OCP: o 4

Examples: ‘Ia, 1s’; ‘Eo, 4t’ 
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interfaces. The protocol’s capability to measure 
oxidizable and reducible species was successfully 
demonstrated by calibrations with test substances. 
Due to its cyclic nature, the protocol delivered stable, 
linear signals even in the presence of a considerable 
amount of proteins, effectively preventing electrode 
fouling. The procedure was successfully transferred 
to the rat brain. Continuous measurements after 
two and four weeks of implantation showed a 
strong recovery effect of the detected currents. 
Importantly, this recovery was found for currents 
from both electrode surface processes and analytes 
in the microenvironment, as well as for OCP. These 
results demonstrate that our method is able to both 
restore and quantify electrode catalytic activity of 
neural implants in situ. Since catalytic activity is 
evidently lost in vivo, our findings suggest that active 
(stimulation) and passive electrodes (recording) in 
neural interfaces, as well as (bio-) chemical sensors 
and impedance measurements, may strongly benefit 
from active preconditioning methods in order to 
investigate and compensate long-term degradation 
or failure. Our approach is highly relevant because 
it can be applied to any existing electrode as an in 
situ quality control method. It delivers information 
on the biochemical microenvironment around the 
implant, gives new insight into the charge transfer 
processes relevant for electrode function, and it 
delivers information on the state of the electrode 
itself, addressing long-term electrode degradation 
towards in situ measurement of gliosis and corrosion.
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