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Growing interest in the role of ions as cell death regulators has led to the consideration of K+, which plays

a major role in events such as necrosis, apoptosis and osmotic shock. These mechanisms induce effluxes of

K+, which can be measured to monitor such cellular events. In this work, we present a fast and simple

template-free electrodeposition method for modifying electrodes on microfabricated Si-based platforms

with Pt nanopetals. K+-selective electrodes were constructed by coupling such newly obtained Pt

nanopetals, which were used as a solid contact, with PVC (polyvinyl chloride) K+-selective membranes.

The drift over time was reduced by three orders of magnitude from several mV h�1 for bare electrodes

to tens of mV h�1 when Pt nanopetals were used as an intermediate layer between the electrode and the

selective membrane. The improved potential stability is comparable to the best values obtained by using

solid-contact ion-selective electrodes based on other nanomaterials. The sensors exhibited

near-Nernstian behavior and high selectivity for K+. By studying cell viability in relation to

K+ measurements, we established a new correlation between the level of ions and the cell viability upon

exposure to both osmotic shock and treatment with acetaminophen. The present method for the

continuous and non-invasive monitoring of cell death in a bioreactor has potential applications in various

biomedical domains.
Introduction

The combination of sensing technology1 and cell-based
microuidic systems has broadened the possibilities of in
vitro studies,2 in particular those investigating cellular events in
real time.3 New sensor platforms have been developed to
determine cellular functions,4 perform drug screening and
monitor cell behavior by detecting a wide array of targets
ranging from ions to macromolecules.
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Potassium is the predominant intracellular ion.5 In homeo-
stasis, an intracellular K+ concentration of around 150 mM is
maintained, while its extracellular concentration is 4 mM. The
ionic balance is regulated by membrane-bound Na+/K+ ATPases,
which function by importing K+ into the cell while exporting
Na+.6 Osmotic shock and necro-apoptotic mechanisms cause
disruption of the pump and consequently of the cell membrane,
and result in effluxes of K+. Fig. 1(a) illustrates a functional
Na+/K+ pump (le) and effluxes of K+ resulting from altered
Na+/K+ pump activity owing to hyperosmotic shock (center) or
apoptosis and necrosis (right). Monitoring of K+ can be used to
diagnose cellular dysfunction and, potentially, to predict cell
death.7

Acetaminophen (APAP) overdose is the primary cause of
induced acute liver failure in the United States;8 as a conse-
quence, APAP has become the drug of choice for the evaluation
of hepatotoxic responses in numerous liver cell lines.9 Cell
death induced by the use of APAP has been reported to be
apoptotic,10 necrotic11 or necro-apoptotic.12 In apoptosis,
leakage of K+ creates cell shrinkage13 and blebbing accompa-
nied by fragmentation of DNA. Necrosis, on the other hand,
results in depletion of ATP, accumulation of reactive oxygen
species, and intracellular calcium overload,14 which causes
membrane rupture and the rapid efflux of K+. Although the
predominant mechanism of cell death during treatment with
RSC Adv., 2016, 6, 40517–40526 | 40517
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Fig. 1 (a) Unaltered cellular Na+/K+ exchange in homeostasis (left) and effluxes of potassium owing to membrane disruption in osmotic shock
(center) and apoptosis and necrosis (right). (b) Schematic of the sensor chamber. K+ ions are captured by ionophores in the ion-selective
membrane.
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APAP has not yet been established, both possibilities result in
the release of K+ to the extracellular compartment; therefore,
the concentration of this ion can be measured to assess cell
damage. By inducing acute necro-apoptosis in HepG2/C3A cells,
effluxes of K+ can be measured and then related to the live/dead
cell ratio to assess cell viability.15 The integration of micro-
fabricated, stable, and efficient K+ sensors is therefore useful for
monitoring necro-apoptosis in organoids.

Current techniques for estimating K+ concentrations rely on
radiometry,16 ame photometry, specic electrode photometry,
atomic absorption photometry,17 optical uorescence
(OPTI CCA, Roche Diagnostics) and the patch clamp tech-
nique.18 These methodologies have numerous drawbacks,
which include problems with selectivity, off-line detection using
large and expensive instrumentation, and repetitive sampling.
Potentiometric devices could be used to overcome such
problems. In potentiometry, highly selective detection of an ion
is achieved by generating a potential difference between
a reference and an indicator electrode, the latter being covered
with a polymeric membrane that is specically selective for the
ion of interest. The development of fully miniaturized potenti-
ometric cells with long working lifetimes is of key importance
for detecting ions in low-volume biological samples. Recently,
40518 | RSC Adv., 2016, 6, 40517–40526
solid-contact ion-selective electrodes (SC-ISEs) have been
employed to produce small sensing sites with exceptional
potential stability and measurement reproducibility.19 The
immediate precursors of SC-ISEs were the so-called coated-wire
electrodes (CWEs), in which a selective polymeric membrane
directly covered the metal electrode without any intermediate
layer. However, they exhibited poor potential stability. To
overcome the limitations of CWEs, many electrochemically
active layers (solid contacts) have been tested to enable stable
and reversible charge transfer between the ionic (selective
membrane) and electronic (metal electrode) conductive layers.
Conducting polymers have been widely used as intermediate
layers in SC-ISEs.19e However, their photosensitivity and the
frequent formation of water layers have prompted the
development of solid-contact ion-to-electron transducers based
on nanostructured materials.20 Nanostructures are not sensitive
to light, reversibly convert an ionic signal into an electronic one,
and provide high hydrophobicity, which prevents the undesired
accumulation of water between the metal electrode and the
membrane. The use of gold19a and carbon19b nanomaterials has
been extensively investigated for the fabrication of SC-ISEs.
Unfortunately, the nanofabrication procedures that have been
employed are time-consuming19a or limited to a specic
This journal is © The Royal Society of Chemistry 2016
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electrode material.19b Only Skupień et al. have used drop-cast Pt
nanoparticles as an intermediate layer in ISEs.21 On the other
hand, nanostructured Pt coatings have been applied as SC-ISEs
only in our latest work.22 Other recent studies suggest that
nanostructured Pt coatings could be successfully used as solid
contacts in reference electrodes.19c However, such coatings have
not yet been tested as solid contacts in potentiometric
electrodes for measuring electrolytes of biological signicance
(e.g., K+, Na+, and Ca2+). Furthermore, the use of one-step,
template-free, electrodeposited Pt nanostructured layer as
solid-contact, ion-to-electron transducer in potentiometry has
not been investigated before.

In this work, we report the development of a K+-selective
electrode based on Pt nanopetals for the continuousmonitoring
of acute cell death. We produced nanostructured Pt lms by
a novel and rapid template-free electrodeposition process on
a microfabricated Pt electrode of a Si-based sensor. This inno-
vative coating provides stable measurements of K+ concentra-
tions over time. In a rst stage, the performance characteristics
and the measurement reproducibility of the sensor were eval-
uated with a conventional two-electrode electrochemical cell
using a synthetic buffer solution. Then, the sensor was inte-
grated with a microuidic bioreactor and used to detect K+

released by cells (Fig. 1(b)). We determined the effect of
deionized water (DI) on HepG2/C3A cells by measuring effluxes
of K+ due to osmotic shock in real time. We also exposed the
cells to treatment with APAP to measure the resulting effluxes of
K+, and demonstrated the successful use of our novel ion sensor
for monitoring necro-apoptotic mechanisms. The novel nano-
fabricated sensor functioned at 37 �C in a sterile environment
with a bioreactor that was external to the sensor chamber, thus
enabling the sensor to measure effluxes of K+ at a distance.
Materials and methods
Synthesis of Pt nanopetals

Pt nanopetals were grown using an Autolab PGSTAT101
potentiostat (Metrohm) under computerized control from
solutions containing 25 mM H2PtCl6 (Sigma-Aldrich) and 50
mMH2SO4 (Sigma-Aldrich). Bare electrodes were cleaned before
the process by applying a potential of +2 V for 60–120 s. Depo-
sition of Pt was achieved by applying a potential of �1 V for
200 s at room temperature (25 �C) while stirring. A carbon
screen-printed electrode (Metrohm), which was used as the
counter electrode, was placed in parallel to the indicator elec-
trode to obtain homogeneous depositions. Ag was used as
a quasi-reference electrode (Metrohm). Aer deposition, acti-
vation of the material was carried out by acquiring multiple
cyclic voltammograms between�0.2 V and +1.5 V at 100 mV s�1

in 0.1 M H2SO4 until two successive voltammograms
overlapped.23 The cleaning procedure was then repeated.
Ion-selective membrane

A K+-selective membrane was obtained by dissolving 32.5%
high-molecular-weight poly(vinyl chloride) (PVC, Fluka), 65%
bis(2-ethylhexyl) sebacate (DOS, Fluka), 0.5% potassium
This journal is © The Royal Society of Chemistry 2016
tetrakis(4-chlorophenyl)borate (KTClB, Fluka) and 2% potas-
sium ionophore I (Fluka) in 1 mL tetrahydrofuran (THF, Fluka)
per 100 mg mixture. Solid-contact K+-selective electrodes were
obtained by coating Pt nanopetal modied electrodes with 8 mL
K+ ion-selective membrane and were used as indicator elec-
trodes. The membrane was kept dehydrated for 24 h and then
conditioned in 0.01 M KCl (Sigma-Aldrich) overnight before
starting the experiments.

Bioreactor design and sensor chamber fabrication

The bioreactor consisted of a glass layer that was permanently
plasma-bonded to a polydimethylsiloxane (PDMS) chamber
(Sylgard 184, Dow Corning). The PDMS chamber and channels
were cast around laser-cut poly(methyl methacrylate) (PMMA)
molds that were formerly designed using CorelDRAW® X5
soware (Corel Corporation), as previously described.24 Aer
integration of the inlet and outlet 30AWG tubing (Cole-Parmer),
the bioreactor was perfused with a 50 mg mL�1 solution of type I
rat tail collagen (Gibco, Life Technologies) and incubated for 2 h
at 37 �C. A total of 20 � 106 HepG2/C3A cells were then seeded
in the bioreactor and le to attach for 24 h.

The PDMS sensor chamber was fabricated using laser-cut
PMMA molds as described above. Aer curing the PDMS, the
bottom part of the chamber was aligned with the K+ sensor
before being plasma-bonded to the upper piece. Finally,
a central opening was cut in the upper part of the chamber to
host the external reference electrode. In the nal setup, the
medium is drawn from a reservoir by a peristaltic pump, ows
successively through the bioreactor and the sensor chamber,
and is nally discarded into a waste container while measure-
ments of K+ concentrations are recorded.

Pt nanopetal K+-selective electrode measurements

The electrochemical characterization of Pt nanopetal K+-selec-
tive electrodes was carried out in a beaker in a stirred solution
(HEPES buffer, pH 5, AppliChem) using a double-junction
reference electrode (Metrohm, Ag|AgCl, lling solution: 3 M
KCl). The analytical performance of the modied electrodes was
studied within the concentration range between 10�7 M and
10�2 M KCl. Inter- and intra-sample reproducibility was evalu-
ated while stirring at 80 rpm at 25 �C. The effect of stirring on
the slope, sensitivity and limit of detection (LOD) was studied.
The sensitivity was calculated from the slope of the curve that
tted the data points in the linear range (95% condence
interval according to the IUPAC denition25). The LOD was
dened as the K+ activity that corresponded to the intersection
of the linear regression line and the average potential for K+

activities to which the electrode was insensitive.25 The K+

activities (aK+) were correlated to the K+ concentrations (c) by the
extended Debye–Hückel equation.26 The separate solution
method was used to calculate the selectivity coefficients.25 In
brief, the zero-current potential of the cell was measured in four
separate solutions that contained, respectively, K+ (0.1 M), Na+

(0.1 M), Ca2+ (0.1 M) and Mg2+ (0.1 M) (three electrodes were
tested; stirring at 100 rpm). The selectivity coefficient (K(ion,int))
was calculated from the equation below:
RSC Adv., 2016, 6, 40517–40526 | 40519
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log(K(ion,int)) ¼ ((Eint � Eion)zion/(0.059 V))

+ (1 � zion/zint)log(aion)

where zion and zint are the charges of K+ and the interfering ion
(Na+, Ca2+ or Mg2+), respectively, and aion and aint are their
respective activities. Eion and Eint are the measured average
potentials in solutions that contain only K+ and only Na+, Ca2+

or Mg2+, respectively. The selectivity coefficient is a number that
provides a measure of how well the membrane can discriminate
the ion of interest from interfering ions. The lower K(K+,int) is, the
less the interfering ion affects the measurements. For instance,
a value of K(K+,Na+) of 0.1 means that the electrode is 10 times
more responsive to K+ than to Na+. IGOR Pro soware
(Wavemetrics, OR) was employed for all data analysis.
Measurements of biosamples were carried out at ow rates of
16.7 and 9.3 mL min�1 using a 600E potentiostat (CH Instru-
ments, Inc.) and a Ag|AgCl reference electrode with a porous
Teon tip (1 M KCl, CH Instruments, Inc.) at 25 �C, or 37 �C
when measuring in an incubator. The change in temperature
did not signicantly affect the slope of the calibration curves. Pt
nanopetal K+-selective electrodes were calibrated before
measuring effluxes of K+ from the cells in solutions containing
0.05, 0.1, 0.5, 1, 5, and 10 mMK+ (osmotic shock in distilled (DI)
water; resistivity: 18 MU cm), or, for concentrations of K+ in the
range between 6 and 16 mM, by steps of 2 mM in the cell
medium.
Static DI water exposure and acetaminophen treatment

Cells were seeded at a 1 � 106 cm�2 density in several 96 wells
and kept at 37 �C with 5% CO2. Aer 24 h, the plates were
exposed to 1, 5, 15 and 30 minutes to DI water while others were
subjected to a 36 h treatment with 5, 25 and 50 mM APAP.
Medium was removed from each well and the concentration of
free K+ was measured for each treatment. Live and dead assays
were immediately performed on all the previous samples.
Cell culture

The HepG2/C3A cell line (ATCC) was cultured at 37 �C with 5%
CO2 in T-175 cell culture asks. DMEM 1Xmedium (Gibco) with
10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin
(Gibco) was used for culture and replaced every 48 h. Inocula
began at a 2� 106 cm�2 density and cells were harvested at 80%
conuency. Cells were counted with a hemocytometer before
static and dynamic experiments.
Fig. 2 (a) Low- and (b) high-magnification SEM images of Pt nano-
petals. (c) Microfabricated device with the electrode used to construct
the Pt nanopetal K+-selective electrode in red. (d) Side view of the PVC
K+-selective membrane. The arrows span the entire thickness of the
membrane.
Microscopy and cell viability

Scanning electron microscopy (SEM) images of the nano-
structures were acquired with a Zeiss Merlin high-resolution
scanning microscope (5 kV), and SEM images of the
membrane with a Zeiss Ultra 55 high-resolution scanning
microscope (15 kV). Viability images were captured with a Zeiss
Axio Observer D1 uorescence microscope (Carl Zeiss,
Germany). A LIVE/DEAD® viability/cytotoxicity Kit (Gibco) was
used to assess cell viability under exposure to DI water and
treatment with APAP. ImageJ soware27 was used for the
40520 | RSC Adv., 2016, 6, 40517–40526
quantication of cells and to determine the thickness of the
membrane and the dimensions of the Pt nanopetals.
Results and discussion
Fabrication of Pt nanopetal K+-selective electrodes

Pt nanopetal-based layers were fabricated by a one-step elec-
trodeposition process as reported elsewhere22 (see Materials
and methods section). By this method, electrodes that were
homogeneously and fully covered with Pt nanopetals were
obtained. The average diameter of the petals was 68 � 20 nm.
Fig. 2(a) and (b) show SEM images of Pt nanostructures at low
and high magnications, respectively. We deposited Pt nano-
structures on the central electrode (geometric area ¼ 7.14 mm2)
of the microfabricated platform highlighted in Fig. 2(c). To
fabricate K+-selective electrodes, Pt nanopetals were covered
with a PVC membrane containing sites selective for K+. The
membrane exhibited excellent mechanical adhesion to the
nanostructured lm, which resulted in stable potential
readings. The thickness of the membrane, which was calculated
from lateral-view SEM images, was 11.7 � 2.3 mm, as shown in
Fig. 2(d). Aer deposition, the membrane was kept dry for at
least one day before being conditioned in a solution containing
KCl (overnight conditioning). The K+ concentration in the
conditioning solution should be selected to be close to that
present in the nal sample test. During the conditioning step,
K+ ions enter the membrane. In this way, slow processes of
potential equilibration due to changes in K+ concentrations are
prevented. Therefore, a 10 mM KCl solution was chosen,
because this concentration was within the range of concentra-
tions of K+ in cell media. All the steps in the preparation of the
Pt nanopetal K+-selective electrodes are depicted in detail in
Fig. 3.
Sensing performance of Pt nanopetal K+-selective electrodes

A potentiometric water layer test was performed to detect the
formation of an aqueous layer between the selective membrane
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Construction of Pt nanopetal K+-selective electrode.
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and the electrode surface, which is the main cause of a long
stabilization time following ionic changes in solution.28 For
instance, when a K+-selective membrane is exposed to a solution
of Na+, ion–exchange processes cause changes in the ionic
composition of the membrane and of the aqueous layer, if one
is present. Considering the small volume of the aqueous layer,
even small ionic uxes bring about large variations in concen-
tration that induce large signal dris (positive if passing from
K+- to Na+-containing solutions and negative when the change is
in the opposite direction). Measurements were carried out in
sequence using the following solutions: 0.1 M KCl, 0.1 M NaCl
and 0.01 M KCl. The inset in Fig. 4 shows that dris occurred
when passing from a solution with K+ to one with Na+ and vice
versa only when an electrode without nanostructures was
employed. The directions of the two dris, which are
highlighted by arrows, indicate the formation of a water layer
when the membrane was cast on bare electrodes. No dri was
present when Pt nanopetal-based electrodes were used, which
indicates the absence of a water layer between the membrane
and the solid contacts.
Fig. 4 Water layer test of K+-selective electrodes with (red line) and
without (green line) Pt nanopetals. The inset highlights positive and
negative drifts upon changing the solution from 0.1 M NaCl to 0.1 M
KCl and vice versa, respectively. Drifts were recordedwhen bare Pt was
used, which indicates that a water layer was present only when Pt
nanopetals were not used as a solid contact.

This journal is © The Royal Society of Chemistry 2016
As well as measuring the dri in potential during equili-
bration processes, it was also established that the mid-term
potential stability (Fig. 4) of the electrodes with Pt nanopetals
as solid contacts improved by two orders of magnitude
compared with that of bare electrodes, as was recently reported
by Taurino et al.22 These ndings were similar to improvements
reported in the literature.19a,b,21 The lack of adhesion between
the two sides of the membrane in the absence of nanostructures
is the cause of such high instability when the electrode is used
for prolonged intervals.

The sensitivity and LOD were estimated by measuring the
open-circuit potential between the Pt nanopetal K+-selective
electrodes and the reference electrode, and by varying the K+

concentration in a stirred solution of HEPES. The average
sensitivity of four electrodes, which were tested under the same
conditions (stirring rate: 80 rpm), was 31 � 6 mV dec�1 and the
average LOD was 1 � 10(�3.21�0.07) M. The same sensor that was
tested three times displayed similar values of sensitivity
(30 � 5 mV dec�1) and LOD of 1 � 10(�3.18�0.03) M.

A sensitivity close to 59 mV dec�1 was obtained by stirring
the solution at 100 rpm. This result indicates that the electrode
potential at equilibrium obeyed the Nernst equation when the
K+ concentration changed. At a stirring rate of above 140 rpm,
the linear range increased from 1–10 mM to 0.1–10 mM and the
average LOD decreased by one order of magnitude (from
approximately 1 � 10�3 M to 1 � 10�4 M). By increasing the
stirring rate from 80 to 170 rpm, the response time fell from
a few minutes to seconds. Concentration gradients of K+ at the
membrane–sample interface alter the sensing performance
(lower sensitivity, higher LOD and longer response time to ionic
changes). Therefore, the minimization of concentration gradi-
ents across the membrane during changes in the K+ concen-
tration in solution is helpful. With this aim, some strategies
include the generation of efficient uxes of ions obtained via
stirring at a high rate, rotating electrode potentiometry and
a high ow rate for measurements under ow conditions.29

Na+, Ca2+ and Mg2+ were considered to be interfering ions
because of their presence in all biological uids. Satisfactory
selectivity coefficients were calculated by the separate solution
method while stirring (100 rpm), as described in the Materials
and methods section. Selectivity coefficients indicate the
preference of an electrode for detecting the ion of interest
(in our case K+) over interfering ions (Na+, Ca2+ and Mg2+). The
selectivity coefficients were log K(K+,Na+) ¼ �2.9 � 0.3,
log K(K+,Ca2+) ¼ �4.4 � 0.5 and log K(K+,Mg2+) ¼ �8.3 � 0.1 (n ¼ 3).
Pt nanopetal K+-selective electrodes under ow conditions

For the continuous monitoring of cellular effluxes of K+, the
proposed Pt nanopetal K+-selective electrode was inserted in
a chamber in line with that containing the cells, and a constant
ow was established. Before testing real samples, the modied
electrode was characterized under ow conditions. The sensi-
tivity of the electrode was close to Nernstian at a ow rate of
16.7 mL min�1 and decreased by about 20% when the ow rate
was reduced to 9.3 mLmin�1 because of the detrimental effect of
a reduced ux of ions, which caused gradients in the K+
RSC Adv., 2016, 6, 40517–40526 | 40521
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Fig. 5 (a) Measurement of open-circuit potential in HEPES buffer (10 mM, pH 5) recorded for increasing and decreasing concentrations of K+ in
a flowing system (flow rate: 16.7 mL min�1) and (b) the respective calibration curves.
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concentration across the membrane (see previous section).
Fig. 5(a) shows the change in potential resulting from rst an
increase and then a decrease in the ion concentration when the
device was inserted in a uidic system. The respective calibra-
tion curves are illustrated in Fig. 5(b).

The response of the Pt nanopetal K+-selective electrode was
still close to Nernstian when DI water and cell media were used
as calibration solutions. The aging of the membrane on the Pt
nanopetals was also evaluated. The sensor was kept for one
week in a conditioning solution (0.01 M KCl) and a decline in
sensitivity of 30% was observed with respect to a Nernstian
slope. A decrease in the sensitivity of the electrode was observed
only when the electrode was stored in the conditioning solution,
but aging was absent when the membrane was stored in dry and
dark conditions. Indeed, it is well known that a decrease in the
response of a sensor is due to prolonged exposure to aqueous
solutions that can cause: (1) swelling of the membrane and
therefore loss of adhesive strength between the membrane and
its substrate;30 and (2) leaching and/or degradation of the
ionophore.31 On the other hand, an unsuitable (chemically
unstable) solid contact would have caused problems with the
long-term stability and reproducibility of potential measure-
ments when the sensor was stored in dry conditions. Our novel
solid contact based on Pt nanopetals has exhibited an unvarying
slope in repeated tests by keeping the sensors dry between tests.
This means that Pt nanopetals are excellent solid contacts for
K+-selective electrodes owing to the absence of detrimental
interactions with the K+-sensitive polymeric membrane.
Monitoring cell death by osmotic shock

The rupture of cell membranes by osmotic shock is
a common lab procedure used to recover the contents of
cells, e.g., from yeasts or other microorganisms.32,33 Shock by
DI water induces cell expansion until the membrane is dis-
rupted and the intracellular contents, including K+, ow out
into the water. We exposed HepG2/C3A cells to DI water in
a 96 well plate and determined the cell viability, as well as the
K+ concentration, in the water at different time points. With
a previously calibrated sensor (S1(a)), we recorded levels of K+

aer 1, 5, 15 and 30 minutes of exposure to DI water. As
40522 | RSC Adv., 2016, 6, 40517–40526
shown in Fig. 6(a), the cell viability started to decrease at
minute 1 and an increase in the K+ concentration was
measured by the Pt nanopetal K+-selective electrode.
Remarkably, the percentages of live and dead cells correlate
well with the measured ion concentrations.
Monitoring cell death by acetaminophen treatment

Acetaminophen (APAP) is one of the most widely used drugs8

and is in particular extensively employed in in vitro testing.9b

Being able to evaluate the effect of treatment with a drug by
monitoring cell death via direct measurements in the cell
medium might be one of the most useful applications of the
proposed electrode, when used as a tool to monitor cultured
cells. We selected overdose concentrations of APAP reported in
the literature34 to evaluate the cytotoxic effects of the drug via
measurements of K+ concentrations. The selected concentra-
tions of APAP caused acute necro-apoptosis in HepG2/C3A cells,
and the resulting efflux of K+ was measured and compared with
the results for live and dead cells. We used 5, 25 and 50 mM
APAP in the medium over a period of 36 h in a 96-well plate.
Aer calibrating the electrode in cell media (S1(b)), samples
from the wells exhibited a rise in the potentiometric signal,
which was in accordance with the live and dead assays
(Fig. 6(b)). Treatment with 5 mM APAP did not bring about
a signicant decrease in viability and therefore the sensor did
not respond with an increased signal. On the other hand, 25
and 50 mM APAP caused considerable cell damage even aer
only 36 h of treatment, and the sensor signal increased as
a response to the efflux of K+. The proposed novel electrode was
able to detect K+ for the rst time in an undiluted medium
under homeostatic conditions, as well as aer pharmacological
treatments. To the best of our knowledge, this is the rst
experimental evidence of the possibility of using a potentio-
metric sensor to quantify the efflux of K+ from undiluted cell
media during cell culturing. In addition, by measuring the
concentration of K+ in the medium with our Pt nanopetal K+-
selective electrode, the percentage of dead cells aer treatment
with APAP can be calculated. These ndings demonstrate the
effectiveness and exploitability of the developed K+-selective
electrode based on Pt nanopetals.
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra01664b


Fig. 6 (a) Measurement of K+ concentration after 1, 5, 15 and 30 minutes of exposure of cells to DI water. Cell viability was severely decreased
after 30minutes of exposure to DI water (left). Images from a live and dead assay with DI water (right). (b) Increase in K+ concentration correlated
to diminished cell viability after 36 h of exposure to APAP (concentrations: 5, 25, and 50 mM) (left). Images from a live and dead assay for APAP
treatment (right).
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Continuous monitoring of cell death

Fig. 7(a) shows a schematic of the set-up for continuous moni-
toring. In brief, a peristaltic pump was connected to a reservoir
of medium, which perfused rst the bioreactor and then the
Fig. 7 (a) Schematic of the system for the continuous monitoring of
K+. Images of the sensor chamber, sensor, and reference electrode (b)
and the bioreactor (c).

This journal is © The Royal Society of Chemistry 2016
sensor chamber. Medium or DI water owed from the sensor
chamber into a waste container via the outlets. Electrochemical
measurements were recorded using a potentiostat connected to
both the Pt nanopetal K+-selective electrode and the Ag|AgCl
reference electrode. Pictures of the sensor chamber and biore-
actor are shown in Fig. 7(b) and (c), respectively.

Continuous measurements of the K+ concentration were
carried out by rst pumping DI water through the entire
system. The potential was stabilized (green line in Fig. 8(a))
prior to connection to the bioreactor. DI water was then
introduced into the bioreactor, replacing the medium; the
bioreactor was connected to the pump through the inlet and
to the sensor chamber through the outlet. With the integra-
tion of the bioreactor, the K+ signal started to increase, which
suggested the efflux of K+ from cells undergoing osmotic
shock (red line in Fig. 8(a)). The maximum release of K+ was
obtained aer 30 min. The average concentration of K+ is
shown in Fig. 8(b) and corresponds to a cell death rate of
about 90%. Following cell exhaustion, the residual K+ was
diluted in a constant ow of DI water during a washing step.
In addition, the potential also displayed a trend similar to
that reported by others.7 Monitoring of cell death via the
potentiometric quantication of K+ was previously reported
by Generelli et al.7 However, their experiments were not
performed in an incubator and, more importantly, the cells
were oating around the sensing site. Here, for the rst time,
the continuous monitoring of K+ released by cells in a biore-
actor was achieved by using a device hosted in a uidic
chamber that was separate from the bioreactor. The
proposed nanopetal-based K+-selective electrode can sense
K+ despite the high dilution level that the present set-up
RSC Adv., 2016, 6, 40517–40526 | 40523
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Fig. 8 (a) Stabilization of the potential (green line) prior to connection
with the bioreactor. Once the bioreactor was integrated, the sensor
signal increased, which indicates the efflux of K+ from cells ruptured
due to osmotic shock (red line). When the cells were exhausted, the
remaining K+ was diluted in a constant flow of DI water in a washing
step (red line). (b) K+ concentration at the starting point and after 30
minutes of exposure to DI water.
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entails. In addition, our novel electrode was employed for the
rst time to monitor the status of a bioreactor directly in
sterile conditions at 37 �C. We believe that the latter ndings
open the possibility of using our Pt nanopetal K+-selective
electrode for the measurement of K+ concentrations in
biomimetic platforms. The proposed electrodes could also be
employed for other applications such as monitoring organ
failure (e.g., in intensive care units) or in labs-on-a-chip (e.g.,
in human organ-on-chip devices).
Conclusion

We fabricated a novel solid-contact K+-selective electrode based
on electrodeposited Pt nanopetals for measuring the efflux of K+

from cells as a criterion for the evaluation of acute cell death.
Electrodeposited Pt nanostructures have previously been used
in potentiometry only to construct pH and reference electro-
des.19c In the former studies, the authors employed a template
method to produce the lm, which is less reproducible and
more time-consuming than our nanostructuration protocol.

In our recent work,22 we demonstrated the excellent
temporal stability of K+-selective electrodes based on Pt nano-
petals. In this study, we also demonstrated the excellent sensing
performance of the modied electrode, which exhibited near-
Nernstian behavior, high reproducibility and selectivity for
measuring K+ concentrations. The suggested sensors exhibited
a sufficient LOD for the intended application (monitoring of
acute cell death). We also showed that the novel nanopetal-
based electrode can be used to quantify acute cell death
produced by osmotic shock and necro-apoptosis via treatment
40524 | RSC Adv., 2016, 6, 40517–40526
with APAP either in DI water or in a regular cell medium. The
latter result makes the proposed electrode suitable for bio-
samples that already contain K+ and for events that occur far
from the sensing site. The effective performance of the system
at 37 �C in a sterile environment enables it to carry out long-
term measurements with biological samples.

Potentiometric measurements of K+ concentrations in cell
culture have previously been reported,7 but required K+-free
environments and cells present in the sensor chamber and were
not carried out in an incubator. Although there have been
previous attempts to construct sensors with electrodeposited
nanostructured platinum, this is the rst report of the use of
such a sensor for a real biological application in the sensing of
K+ ions. In general, our results open the possibility of also using
the proposed Pt nanopetal K+-selective electrodes to monitor
organ and tissue necrosis, which is potentially useful for
applications in diagnostics (e.g., intensive care units), as well as
for the continuous and critical control of organ-on-chip devices.
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19 (a) E. Jaworska, M. Wójcik, A. Kisiel, J. Mieczkowski and
A. Michalska, Gold nanoparticles solid contact for ion-
selective electrodes of highly stable potential readings,
Talanta, 2011, 85(4), 1986–1989; (b) J. Ping, Y. Wang,
Y. Ying and J. Wu, Application of electrochemically
reduced graphene oxide on screen-printed ion-selective
electrode, Anal. Chem., 2012, 84(7), 3473–3479; (c) J. Noh,
S. Park, H. Boo, H. C. Kim and T. D. Chung, Nanoporous
platinum solid-state reference electrode with layer-by-layer
polyelectrolyte junction for pH sensing chip, Lab Chip,
2011, 11(4), 664–671; (d) M. Fibbioli, K. Bandyopadhyay,
S.-G. Liu, L. Echegoyen, O. Enger, F. Diederich,
P. Bühlmann and E. Pretsch, Redox-active self-assembled
monolayers as novel solid contacts for ion-selective
electrodes, Chem. Commun., 2000, 5, 339–340; (e)
J. Bobacka, Conducting Polymer-Based Solid-State Ion-
Selective Electrodes, Electroanalysis, 2006, 18(1), 7–18.

20 T. Yin and W. Qin, Applications of nanomaterials in
potentiometric sensors, TrAC, Trends Anal. Chem., 2013, 51,
79–86.

21 B. Paczosa-Bator, L. Cabaj, R. Piech and K. Skupień,
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