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Intelligent NFC potassium measurement
strip with hemolysis check in capillary
blood
C. Kollegger, P. Greiner, I. Siegl, C. Steffan, M. Wiessflecker, B. Pekec, M. Hajnsek, F. Sinner, G. Holweg,
B. Deutschmann

130 million people in Western Europe and the USA suffer from chronic cardiac degeneration or kidney insufficiency. The medical
treatment requires a routine medical examination accompanied by laboratory blood analyses. This is cost-intensive for the health
care system and also time consuming for the patients. This paper presents an economical, wireless sensor node solution in terms
of an intelligent near field communication (NFC) potassium measurement strip (NPMS) usable in a home environment. The NPMS
comprises two different electrochemical sensors for the acquisition of two parameters in capillary blood and an autonomous sense
and identification grain (ASIG) for the electrical analysis, communication, and data transfer. The ASIG is equipped with an integrated
amperometric and potentiostatic functionality, radio frequency identification (RFID) interface for high frequency (HF)/NFC, and has
been designed using a 130 nm CMOS standard process. It facilitates the implementation of two different measurement techniques,
which are necessary for the accurate determination of the potassium concentration in capillary blood, whereby the occurrence of
hemolysis can be detected. This NPMS impresses with its large scale integration and is solely powered by the NFC reader device.
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Intelligenter NFC-Kalium-Messstreifen mit Hämolysekontrolle in Kapillarblut.
130 Millionen Menschen in Westeuropa und den USA leider an chronischer Herz- oder Niereninsuffizienz. Die Behandlung erfordert
eine regelmäßige medizinische Untersuchung, welche mit Laboranalysen des Blutes einhergeht. Dies ist kostenintensiv für das Gesundheitswesen und auch zeitaufwendig für den Patienten. Dieser Beitrag präsentiert eine ökonomische, drahtlose Sensorknotenlösung in
Form eines intelligenten NFC-Kalium-Messstreifens (NPMS) für den Heimgebrauch. Der NPMS enthält zwei verschiedene elektrochemische Sensoren für die Erfassung zweier Parameter im Kapillarblut und einen autonomen Mess- und Identifikations-Chip (ASIG) für die
elektrische Analyse, die Kommunikation und den Datentransfer. Der ASIG verfügt über eine integrierte amperometrische und potentiostatische Funktionalität, ein RFID Interface für HF/NFC und wurde mit einem 130 nm CMOS-Standardprozess hergestellt. Er ermöglicht
die Durchführung zweier verschiedener Messmethoden, die für die genaue Bestimmung der Kaliumkonzentration im Blut notwendig
sind, wobei das Auftreten von Hämolyse detektiert werden kann. Dieser NPMS beeindruckt durch seinen hohen Integrationsgrad und
wird ausschließlich durch das NFC-Lesegerät versorgt.
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1. Introduction
The leading cause of death in the United States and worldwide is
cardiovascular disease, which is responsible for great human suffering and enormous healthcare costs [1]. The American Heart Association seeks to prevent such diseases effectively by recommending
various effective measures for maintaining a heart healthy. These include regular exercise, heart-healthy diets, and the cyclical control of
blood parameters [2].
A regular medical examination is currently necessary for patients
suffering from chronic cardiac degeneration or kidney insufficiency.
A whole blood sample is taken as a matter of routine and various
blood parameters are analyzed. The blood potassium level in particular is diagnostically conclusive regarding patient health condition.
Hemolysis can occur during a blood extraction, which leads to a
falsified measurement result. Pressure on the skin-surface during the
sampling process can burst erythrocytes and their high potassium
and also hemoglobin concentration is released. The large quantity
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of released potassium can falsify the result of the potassium amount
in blood plasma.
To avoid such negative effects the blood sample taking needs to
be performed by healthcare professionals in a laboratory environment with measurement equipment such as e.g. Reflotron® Plus.
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However, due to the required high sample volume of at least 30 μl
of whole blood and the high costs involved, a device of this kind
is not suitable for home usage self-testing. Furthermore, a qualified
medical employee must perform the blood draw from a vein in order
to avoid hemolysis.
This current patient care provision in a clinical environment leads
to additional risks due to long control interval times. Furthermore,
an increase of these chronic health conditions and the dangers and
costs involved have led to the requirement for domestic control appliances. The possibility of performing measurements in a domestic
environment would improve life quality for patients.
In recent years, enormous efforts have been expended on the
design and development of various disposable electrochemical
sensors, suitable for domestic assessment of blood parameters.
Jiang et al. [3] presents a good solution for hemoglobin determination in whole blood based on an amperometric detection technology. Cafferty [4] also elaborated this subject by using
impedance spectroscopy, whereby no erythrocytes separation is necessary.
This paper presents an intelligent near field communication (NFC)
potassium measurement strip (NPMS) with hemolysis check in capillary blood. The small blood sample volume of approximately 5 μl
in combination with a novel hemolysis detection makes it suitable
for home usage and self-testing. Due to the increased frequency of
blood potassium level measurements the patient’s medical risk can
be reduced, and health-related quality of life can be enhanced. In
addition costs can be cut significantly as no healthcare professionals
are required. Furthermore, the prototype presented is suitable for
mass production.
This paper is organized as follows. Section 2 presents the intelligent NPMS concept, the working principle of the different parts and
their connection. Section 3 describes the chemical sensor, its structure, and an overview of the sensor chemistry. Section 4 explains
in more detail the procedure of the measurement principle including the potentiostatic potassium measurement and the amperometric hemolysis detection. Section 5 gives a description of the set-up
of the NPMS prototype which is a disposable strip solution. Section 6 presents measurement results. The conclusion can be found
in Sect. 7.
2. Concept of the intelligent NPMS
2.1 General description of the system
The intelligent NPMS consists of an ion-selective electrode (ISE) sensor, an autonomous sense and identification grain (ASIG) and an
antenna for communication. The silk-screened ISE sensor is comprised of two separate sensor technology parts, one for potassium and the second for hemolysis measurement, whereby initially the blood sample erythrocytes separation is performed by
a specific filter membrane. Five silver (Ag)/silver-chloride (AgCl)
electrodes connect the sensitive part with the ASIG chip. Three
electrodes connect the hemolysis sensor with the amperometric sensor interface, the other two potassium sensor electrodes
are connected to the built-in high impedance potentiostat of the
ASIG.
The ASIG constitutes a passive high frequency (HF) radio frequency identification chip which uses the ISO/IEC 14443 Type A
contactless smart card standard for communication and operates
at a frequency of 13.56 MHz. It has an active chip area of about
5 mm2 . The concept for an implementation of the intelligent NPMS,
suitable for the determination of the potassium concentration in
capillary blood, is illustrated in Fig. 1. The ASIG is connected via
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Fig. 1. Overall concept of the intelligent NPMS: it consists of an ISE
sensor part, an ASIG and an antenna for communication. The ISE sensor comprises a potassium K+ and a hemolysis (H) sensor. The NPMS
is powered passively using an NFC reader device

two bond wires to the antenna, implemented on a flexible printed
circuit board (PCB) and powered solely by the NFC field. It consists
of an NFC interface, an amperometric sensor interface, and a high
impedance potentiostat.
The NFC interface is active as soon as the system is in the communication range of an NFC reader device and the ASIG is powered passively. A bidirectional communication between the ASIG
and the NFC reader device is established in compliance with the ISO
14443 protocol standard. The sensor interface of the ASIG can be
configured via NFC, allowing control the measurement procedure
as also the potentiostatic and amperometric interfaces. A precision
bandgap, an 11-bit successive approximation register analog to digital converter [5], plus precision reference resistors are implemented
to assure accurate measurement.
The high impedance potentiostat is connected via two ports to
the potassium sensor. It measures the potential difference between
reference and working electrode of the sensor, which depends on
the potassium concentration in the sample, in accordance with the
Nernst equation (see Sect. 4.1).
The amperometric sensor interface takes on a control function
for the correct blood extraction (see Sect. 4.2). It is connected via
a working, auxiliary, and a reference electrode with the hemolysis
sensor. A defined potential of 0.5 V between working and reference
sensor electrode is adjusted, and the current flowing from auxiliary
to working electrode is measured via a shunt resistor. This current is
a marker for the hemolysis level in the blood sample, whereby an
incorrect blood extraction with a high level of hemoglobin and also
potassium can be detected.
The measurement itself is triggered by an NFC device and an
appropriate Android™ application. The potentiostatic and amperometric sensors are evaluated separately for each potassium acquisition. The result of the potassium measurement is only displayed,
however, when the hemolysis check is passed. If it is not passed, a
repetition of the procedure (blood extraction and measurement) is
recommended.
3. Ion-selective sensors
3.1 Potassium sensor
The potassium sensor is based on the ion-sensitive electrode (ISE)
concept and comprises a potassium sensitive working electrode and
an Ag/AgCl reference electrode. The working electrode is a screenprinted carbon electrode covered by a potassium sensitive membrane with valinomycine as ionophore. Both electrodes and the
potassium sensitive membrane are screen-printed and allow high
volume sensor fabrication.
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Fig. 2. Potentiostatic measurement principle: the built-in high
impedance potentiostat VP is connected to the working and reference electrode of the potassium sensor. The potassium concentration
of the sample solution is gathered by an electrical potential

Fig. 3. Schematic representation of the amperometric sensor interface: it is connected to the auxiliary, reference and working electrode
of the hemolysis sensor. The voltage drop at VWorkAmp can be controlled and the current IH is determined

3.2 Hemolysis sensor
The amperometric hemolysis sensor is configured as three electrode
system with an Ag/AgCl reference electrode and a carbon auxiliary
electrode. The working electrode is a modified carbon electrode that
allows selective redox interaction with free hemoglobin in the sample delivering a hemolysis dependent electrical current as sensor signal. The electrodes are screen-printed and are printed with the electrodes of the potassium sensors which in turn reduces fabrication
steps.
4. ASIG measurement principle for potassium and hemolysis
detection
4.1 Potentiostatic measurement
The concentration of potassium in the extracellular fluid is a critical
determinant of the resting membrane potential of cells and must
be maintained within a narrow range, normally between 3.5 mM
and 5 mM in plasma concentration [6]. The detection of anomalies
in the potassium level of patients in a precarious condition is thus
essential.
The working VWorkPot and reference VRefPot electrodes of the
potassium sensor are connected with the high impedance potentiostat VP (see Fig. 2) which constitutes a rail-to-rail output folded
cascode operational amplifier, and a buffer stage, limiting the input
bias current to 1 pA. The reference electrode is used to provide a reference to measure the potential. The ion-selective working electrode
is a sensor or transducer that converts the activity of the potassium
ion K+ into an electrical potential. In accordance with the Nernst
equation (see Eq. (1)), which defines the dependency of the electrode potential and the potassium activity, the voltage is dependent
on the logarithm of the ionic activity.
E = E0 +

RT
ln aK +
ze F

(1)

4.2 Hemolysis detection—amperometry
Figure 3 shows a schematic representation of the amperometric sensor interface. This interface can be used for carrying out the voltammetry analytical method, which is the representation of the current
as a function of the applied potential [7, 8]. It has three connections to the sensor electrodes: VWorkAmp , VRefAmp , and VAuxAmp . The
voltage at the ion-selective working electrode VWorkAmp can be controlled and the current IH flowing in or out of this node can be
determined via the voltage drop across an adjustable shunt resistor
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Fig. 4. Illustration of the flexible PCB NPMS solution: the analog circuitry including the integrated antenna is manufactured using a flexible PCB which is connected to the sensor. The chip is wire bonded
and additionally protected using an epoxy glob top (not illustrated
here)

RShunt using Eq. (2).
IH =

VWorkRAmp − VWorkAmp
RShunt

(2)

The voltage at the reference node VRefAmp is monitored and regulated to a specific configurable voltage VA . The voltage VRefAmp is
not directly steered as this node should never carry electrical current. The voltage is controlled indirectly by adjusting the voltage at
the auxiliary node VAuxAmp .
5. Prototype of the NPMS
Figure 4 shows a picture of the first NPMS prototype which has dimensions of 74 mm × 15 mm. A thin polyethylene terephthalate
(PET) foil sheet serves as a carrier for the sensor technology. The
analog circuitry including the integrated antenna is fabricated on a
60 μm flexible PCB foil, which is glued to the carrier. The ASIG chip
has been wire bonded to the flexible PCB and an additional epoxy
glob top (for the purpose of illustration not used in this setup) serves
as a protector for the fragile bond wires. Additionally a ground plane
is positioned around the sensitive data acquisition area to reduce
outside interference. The antenna coil is implemented with six windings and is tuned to the resonant frequency of 13.56 MHz using a
100 pF resonant capacitor. Further, its placement separate from the
sensors makes the handling easier for the patient, because the NFC
reader device can be placed directly on the antenna without coming
into contact with the blood sample.
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Fig. 6. Potentiostatic result of the potassium measurement of
1 mmol/l K+ test solution: after a defined settling time of 120 seconds the measured voltage value represents the potassium concentration

Fig. 5. Depiction of the blood sampling test sequence: from blood
caption to measurement readout using an NFC device

6. Measurement procedure and results
6.1 Test sequence
The test sequence for the usage of the intelligent NPMS is straightforward and easy to handle. The aim is to obtain a quantitative
determination of potassium in human blood by screening capillary
blood. Figure 5 illustrates the necessary steps. Initially, the patient
pricks a finger using a lancing device to obtain a capillary blood
sample—see Fig. 5(a). The first blood drop must not be used since
skin particles or cells could falsify the result. Figure 5(b) demonstrates
a smooth finger massage from back to tip which should be performed with minimum pressure.
The blood sample is applied to the plasma separation membrane,
which is shown in Fig. 5(c). This filter captures the cellular components of the blood (red cells, white cells, and platelets) without lysis,
while the plasma flows to the membrane. Subsequently, the plasma
sample is drawn via a micro-channel to the potassium and hemolysis sensor for consecutive analysis. Finally, the measurement process
is performed and the results are displayed on an Android™ smart
phone, see Fig. 5(d).
6.2 Potentiostatic measurement
Figure 6 shows the transient voltage measured by means of the potentiostat. After applying the blood sample a transient response can
be observed, which after 100 seconds settles to a voltage representing the potassium concentration of 1 mmol/l. The voltage value is
taken after a defined settling time of 120 seconds for the potassium
measurement.
The potentiostatic potassium measurement has been performed
for several devices using four test liquids with defined potassium
concentrations of 1, 4, 7, and 10 mmol/l. As expected, a logarithmic
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Fig. 7. Amperometric result of the hemolysis measurement employing 500 mg/l hemoglobin test solution: as the sensor chemistry needs
a trigger and settling time, VAmp needs to be turned off for 30 seconds. The current, measured after 90 second, can be converted into
a hemoglobin concentration

relationship between the measured voltage and the potassium concentration was observed. Further investigations are required in order
to define the potassium concentration as a function of the voltage
as well as the achievable accuracy.
6.3 Amperometric measurement
Figure 7 demonstrates the transient behavior of the sensor during
the measurement process. A defined hemoglobin test solution of
500 mg/l was used to demonstrate the behaviour of the hemolysis sensor and the amperometric sensor interface. Initially the NPMS
is powered thus triggering the sensor chemistry so it can react in
the background. After 30 seconds the configurable voltage VAmp
is turned off because the sensor needs some equilibration time.
30 seconds later VAmp is switched on again and after a sensor settling time of about 30 seconds a constant current can be observed.
The threshold current for the hemolysis detection must be set using
empiric measurements in the course of a sensor calibration process.
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7. Conclusion
An intelligent, disposable blood analysis strip has been implemented. The authors presented a single-chip solution merged with a
dual purpose electrochemical sensor for a blood potassium determination for use in a domestic environment. The device is suitable for
mass production, because of the simple set-up and minimal number
of components. Patient risks from potassium lapses can be reduced
significantly by means of the simple and effective regular potassium
level check that can be provided by this means.
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