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A B S T R A C T

Graphene-based biosensors, featuring exceptional electronic, mechanical, and surface properties, have emerged 
as frontrunners in advanced sensing technologies. However, to achieve widespread industrial adoption, ad
vancements in the fabrication and integration of large-area graphene devices are essential. Critical parameters 
such as enhanced sensitivity, scalable production methods, economic viability, integration capabilities, and 
consistent uniformity must be meticulously addressed. In this work, we demonstrate that our ultra-clean, 
chemical wet transfer protocol of large-area graphene enables a scalable, smooth integration of graphene into 
an established assay platform for transporter protein drug discovery. Furthermore, we demonstrate sensitive 
detection of electrolytic buffers, varying pH, bovine serum albumin (BSA) and single-stranded DNA (ssDNA) 
adsorption, using our large-area graphene solution-gated field-effect transistor (SGFET) sensors, thereby proving 
their robust and reliable performance. The sensors’ biocompatibility and ion sensitivity, down to the picomolar 
range, substantiate their suitability for the investigation of electroactive transport in ion channels and membrane 
transporters.

1. Introduction

Graphene, an atomically thin carbon layer, is highly sensitive to 
environmental changes, including biomolecular interactions and charge 
transfer [18]. This sensitivity arises from its outstanding surface-to- 
volume ratio and tuneable electron mobility in response to the adsorp
tion of charged moieties [31]. Conventional fabrication techniques for 
micron-scale graphene sensors have been costly and challenging to 
implement in industrial settings, limiting their widespread adoption. 
[31,30]. The production of graphene via chemical vapour deposition 
(CVD) on copper foil, followed by its clean transfer onto a substrate of 
interest, has advanced the development of graphene transistors and 
sensing devices considerably [28,17]. This innovation has paved the 
way for using large-area graphene in the manufacturing of biosensors 
with enhanced sensitivity and reduced detection limits. Such improve
ments allow for the accurate detection of target trace analytes even in 
complex samples [10]. Despite these advancements, significant poten
tial remains in the application of graphene’s ultra-high conductivity and 

low resistivity to enhance automated pipetting platforms tailored for 
electrophysiological experiments. This manuscript aims to bridge this 
gap by integrating large-area graphene sensors into an existing solid- 
supported membrane technology. The integration of graphene signifi
cantly enhances the capability of this platform to conduct ion-sensitive 
measurements at a high-throughput level, enabling rapid detection of 
multiple analytes [7]. This is vital for advancing sensor technology in 
fields where reliability and stability are highly important, such as 
biotechnology, healthcare, environmental monitoring, and food safety 
[35,19]. By implementing a wet-chemical transfer protocol for CVD- 
grown graphene, we realize graphene-based biosensors and explore 
their feedback to various analytes and different conditions, including 
changes in ion strength and concentration, as well as the adsorption of 
protein and ssDNA. Sodium and potassium ions are here only two of 
many agents, which play major roles in membrane transport events. Our 
investigations not only highlight the practical application of graphene 
sensors in an industrial setting but also pave the way for their broader 
adoption across different scientific domains, setting a cornerstone for 
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future technological and methodological innovations in sensor 
technology.

1.1. Graphene field-effect transistors

Graphene field-effect transistors (GFETs) enable highly sensitive 
detection of electroactive molecules [27,32]. An ideal, defect-free gra
phene surface can neither be protonized, nor deprotonized and is 
therefore insensitive to electrolytic solutions. Charge transfer between 
graphene and solutes predominantly occurs at the edges of graphene or 
defects in its basal plane [12]. An extensive surface area of graphene 
frequently harbours a wealth of defects, resulting in numerous electro
active sites [25]. When the target substrate interacts with the surface, 
changes in the electric charge distribution occur, thereby influencing the 
charge carrier density at the recognition layer and consequently the 
conductivity of the channel connecting the source and drain electrodes 
[10,22]. This interplay of substrate-surface interaction, charge carrier 
density and the conductivity of the channel forms the scientific foun
dation underpinning our approach to sensor design and operation.

1.2. Solution-gated field-effect transistors

Solution-gated field-effect transistors (SGFETs) have captured 
considerable attention due to their utility in sensor applications [22,15]. 
Distinguished from conventional field-effect transistors, SGFETs incor
porate a reference electrode, increasing the sensitivity to changes at the 
electrolyte-semiconductor interface [20]. Their ability to host numerous 
electroactive sites and enhanced sensitivity to changes in the charge 
environment provide a convenient method to improve FET biosensor 
performance [29,4]. This has paved the way for sensing applications in 
fields such as DNA profiling [24,33,13,6] and glucose detection 
[34,5,36], not only advancing biomedical sensing but also presenting 
opportunities in gas, light and pressure sensing [35].

1.3. Measurement setup

The proposed graphene sensing system is based on a semi-automated 
pipetting platform from Nanion Technologies [2,3]. The sensor is built 
as a SGFET with three metal electrodes (Fig. 1A). The substitution of a 
conventional gate with a reference electrode, effectively renders the 
threshold voltage responsive to the interfacial potential at both, the 

Fig. 1. Basic architecture of the graphene-based solution-gated field-effect transistor with its electrolytic double layer model and the fabrication process. A) The 
experimental setup includes the source and drain electrodes, which are connected by a graphene monolayer, featuring an electronic channel between the two 
electrodes. Additionally, a platinum top gate electrode is immersed in the electrolyte. B) Electrolytic double layer model of the graphene-based SGFET setup, 
featuring the three-electrode setup with graphene as the channel connecting the source and the drain electrodes on a polyethylene terephthalate (PET) substrate. The 
third electrode is immersed in the electrolyte. C) Preparation process from PMMA graphene copper foil sample to PET substrate which is further glued into a plastic 
casing to isolate the source and the drain from the solution.
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electrolyte-gate and the electrolyte-semiconductor interface. Any 
changes in the interfacial potential, therefore, result in a discernible shift 
in the semiconductor’s conductance. The I-V characterisation process 
involves the measurement of the drain-source current IDS for a constant 
drain-source voltage VDS while varying the gate voltage VGS. The effi
cacy of modulating the source-drain current by manipulating the gate 
voltage is given by the transconductance (gm), defined as the derivative 
of the IDS-VGS transfer curve. The transconductance is directly propor
tional to both the electron mobility of the graphene layer and the 
interfacial capacitance. Characterisation of the transconductance allows 
for the evaluation of the charge neutrality point (CNP), which is 
commonly known as the Dirac point [15]. The CNP is strictly related to 
graphene’s doping and the electrochemical potential of the reference 
electrode. Due to the electron-hole symmetry of graphene, the under
lying sensor exhibits ambipolar transfer characteristics, indicating that 
the device features p-channel (hole conduction) behaviour at the 
negative gate voltage side and n-channel (electron conduction) behav
iour at the positive gate voltage side for a given source/drain voltage. In 
the case of p-doped graphene, the CNP shifts towards more positive 
values of VGS, whereas for n-doped graphene, it shifts to more negative 
values. When graphene is immersed in a polarizable electrolyte, it be
haves almost equivalent to an ideal polarizable electrode, especially in 
an electrolyte without any redox species [15,9]. In SGFET experiments, 
the graphene-electrolyte interface can be modelled as a combination of 
two capacitors in series: the quantum capacitance and the electrolytic 
double layer (EDL) capacitance [15]. The first layer of the EDL consists 
of ions with opposite charges to those present in the polarizable gra
phene electrode, while the second layer consists of ions with positive 
and negative charges that progressively reach the potential of the so
lution far from the electrode (Fig. 1B). At the CNP, the quantum 
capacitance reaches its minimum, because the density of states in gra
phene is at its lowest. The low quantum capacitance results in minimal 
conduction and forms the bottom of the characteristic V-shape in an 
SGFET experiment [15]. As the gate voltage moves away from the CNP, 
the EDL capacitance surpasses the quantum capacitance, which in
creases the total capacitance and enables the addition of more charge 
carriers. This results in an increased conductance, forming the arms of 
the V-shape observed in the output graph.

2. Materials and methods

The sensor chips were prepared using a 7 × 7 mm2 piece of poly
ethylene terephthalate (PET) with 50 nm gold source/drain electrodes 
on the top side and printed silver electrodes on the bottom side. The 
sensor platelets were acquired from Conductive Technologies Inc. Prior 
to the transfer of graphene, the substrates were cleaned with acetone 
and dried under a gentle nitrogen stream. A polymethylmethacrylate 
(PMMA)/graphene/copper foil from Graphenea® was cut into 7 × 7 
mm2 pieces and transferred to float on the surface of a 0.2 M ammonium 
persulfate solution for etching of the copper from the back side for 4 h. 
The graphene with PMMA on top was scooped with a clean glass 
coverslip and the graphene was released to a beaker with MilliQ water to 
wash off the residual ammonium persulfate. The washed graphene 
sample was then scooped with the clean PET substrate in an orientation 
that allows contacting of the two gold electrodes on the top side (see 
Fig. 1C). After annealing overnight, the PMMA was removed by cleaning 
the platelets three times for five seconds in acetone and subsequently, 
the platelets were dried under a gentle nitrogen stream. Next, the 
platelets were dipped into water once for five seconds and dried again 
under a gentle nitrogen stream. The thus prepared samples were heated 
on active coal for several hours at 90 ◦C. The whole workflow is por
trayed in Fig. 1C. The average two-point resistance of the sensors (n =
50) in air without an electrolyte gate was 1.7±0.25 kΩ, which indicates 
the uniformity of the devices’ production process. For comparison, 
Graphenea® advertises a sheet resistance for their graphene on PET of 
0.58±0.05 kΩ/sq. The resistance values are highly dependent on the 

underlying substrate, the transfer process, and the cleaning steps. A 
table with the sheet resistance values can be found in the supplementary 
material (SI Table 1). This data together with the IV-curves of different 
devices (SI Fig 1) on 1 M KCl (n = 9) at VDS=0.1 V which exhibit a CNP at 
0.21±0.08 V give access to the stability and the reproducibility of the 
sensing devices. The source and drain electrodes are isolated from the 
electrolyte by a plastic casing to prevent high gate leakage currents and 
unstable device performance when a gate voltage is applied. A photo
graph of the sensor platelet before PMMA removal and after gluing it 
into the plastic casing is depicted in Fig. 2A–C. The graphene surface and 
the PET chip were characterized by brightfield imaging and raman 
mapping (SI Fig. 2) to monitor the chemical composition and flatness. 
Specifications for the raman characterization are provided in the sup
porting information. Additionally, the laser scanning microscope image 
in Fig. 2D shows the homogeneity of the graphene sheet and its orien
tation on the source and the drain nodes. For all measurements, the 
sensors were positioned in a faraday cage (Fig. 2E) to facilitate electrical 
contact of the source and the drain from the bottom side. The solution 
exchange was executed by a semi-automated pipetting robot, the 
SURFE2R N1 instrument, provided by Nanion Technologies (Fig. 2F). 
The SURFE2R is a well-established instrument for solid supported 
membrane based electrophysiology (SSME) commonly used for mem
brane transporter analysis [2]. A customized software was developed for 
the measurements, enabling precise control over various parameters. 
These include the modulation of gate voltage, source/drain voltage, 
gain, number of samples, sampling rate, step size, and intervals between 
the steps. The application of gate voltage is accomplished through a 
platinum reference electrode, which is immersed in the electrolyte 
(Fig. 2E). Adjusting the gate voltage causes a modulation of the charge 
carrier density in graphene and thus the channel’s conductance.

3. Results and discussion

Graphene transferred onto PET exhibits p-doped characteristics, as is 
usually observed for graphene grown by CVD [14]. This accounts for the 
observed shift of the CNP towards positive gate voltages (approximately 
0.2 V) in 1 M KCl with an applied VDS of 0.1 V (see Fig. 3A). Increased 
source-drain voltages promoted an additional displacement of the CNP 
of 53.0±1.5 mV per 100 mV increment (inc) towards higher gate volt
ages, which is visualized in Fig. 3B. It is noteworthy that this shift re
mains constant in the hole conduction branch, as illustrated in Fig. 3A. 
In the electron conduction branch, a change in transconductance is 
observed due to the increasing charge accumulation on the sensor sur
face, which affects electron mobility. This change is influenced by the 
ionic strength of the solution. The influence of the ionic strength on IDS is 
detailed in the study by Purwidyantri et al. [26]. For the following 
measurements the VDS was set at a constant 100 mV. Further specifi
cations of measurement parameters are described in the supporting in
formation. Different sensors reveal slight variations, such as in their CNP 
and transconductance yet exhibit comparable properties with a shift of 
the CNP of 46.7±6,0 mV per 100 mV (n = 3). When a graphene SGFET is 
immersed in a solution containing sodium ions, the adsorption of so
dium ions on the graphene surface induces an alteration in the local 
electrostatic potential, thereby influencing the distribution of charge 
within the graphene layer. This gives rise to a shift of the Dirac point, 
which results in a variation of the electrical current flowing through the 
SGFET. Therefore, the VGS of the CNP is used for quantifying ion con
centrations as depicted in Fig. 3C for the detection of sodium chloride 
over a dynamic range from picomolar to molar. Besides the position of 
the CNP, also the shapes of the IV-curves change for varying sodium 
chloride concentrations (Fig. 3C). This is related to the change of 
transconductance caused by the increase of the capacity of the EDL with 
higher ion concentrations [26]. SGFET measurements may therefore be 
employed for the precise detection and quantification of sodium ion 
concentration in a designated electrolyte [11].

For our concentration gradient measurements, we applied different 

M. Meincke et al.                                                                                                                                                                                                                               Measurement 240 (2025) 115592 

3 



concentrations of electrolytic buffers with an automated pipetting robot 
onto the graphene surface. The so-called Ion Jet enables rapid exchange 
of the solutions using a pre-installed rinsing protocol [2,3]. Between the 
measurements, the well was rinsed thoroughly with 1 mL of the buffer 
containing the respective sodium chloride concentration. Fig. 3C depicts 
the shift of the Dirac point in response to varying concentrations of so
dium chloride. Plotting the Dirac points as a function of sodium con
centration as shown in Fig. 3D gives access to the device’s sensitivity 
(80 mV/dec). Similarly, the plots for potassium concentrations were 
obtained (SI Fig. 3), ranging from 10-1 M down to 10-10 M, yielding a 
sensitivity of 90 mV per decade and a limit of detection (LOD) of 10-10 M. 
Table 1 lists a comparison of recent graphene-based ion-sensitive sensors 
in the literature, demonstrating the competitiveness of our sensors to 
existing technologies. Apart from the acquisition of IV-curves under 
constant source/drain current voltage and variable gate voltage condi
tions, our experimental setup allows for continuous, real-time mea
surements. Real-time measurements were carried out for varying 
potassium concentrations under a source/drain voltage of 100 mV and a 
gate voltage of 50 mV (Fig. 3E). Changes of salt concentration are re
flected by stepwise increase of the source/drain current, as expected 
from the IV-curves (analogous data for potassium chloride in SI Fig. 3). 
Fig. 3E also provides insight into decreased ion concentrations, which 
correlate with an enhanced drift in the source/drain current. A plausible 
explanation for this phenomenon is the reduced prominence of the EDL 
in the diluted solutions [12]. As a result, the impact of surface defects on 
the graphene becomes more conspicuous in lower-concentrated elec
trolyte solutions. A marginal reduction in the source/drain current upon 
solution exchange can, furthermore, be attributed to the rapid solution 
exchange on the sensing surface and a transient perturbation of the EDL. 
Apart from a shift of the Dirac point with a change in ion concentration, 
the ion strength can induce a change in the transconductance. We 
demonstrate this by applying phosphate buffer (PB) at different con
centrations and a constant concentration of 10 mM varying the pH from 
5 to 9 (Fig. 4A). Previous studies conducted by Mailly-Giacchetti et al. 
demonstrated the suitability of PET as a substrate for graphene-based pH 
sensing in solution [21]. Their results revealed the electrical response of 
SGFET devices that remain neither affected by the specific substrate to 
which graphene is transferred nor the presence of fabrication-related 
organic residues atop the graphene surface. Their findings provide 

evidence that the pH sensing mechanism is primarily governed by an 
electronic charging effect of the EDL, which arises from the adsorption 
of hydroxyl and hydronium ions on the graphene surface. The ambipolar 
characteristics of both hydroxyl (OH–) and hydroxonium (H3O+) ions 
facilitate a modulation of the channel conductance by doping with 
either holes or electrons. The charge transfer mechanism is contingent 
on the ions which are specifically bound at the inner Helmholtz plane at 
the graphene/electrolyte interface, as elucidated by Ang et al. [1]. The 
adsorption of hydronium ions (H3O+), hydroxyl (OH–) and other surface 
ions would accordingly follow a non-faradaic, capacitive process. This 
assumption implies that charge carriers are unable to transmit across the 
graphene/solution interface. Consequently, an elevated presence of 
hydroxonium ions at the graphene/electrolyte interface would leave the 
graphene n-doped, whereas the existence of hydroxyl ions confers to p- 
doping. A higher pH, therefore, leads to a higher accumulation of hy
droxyl ions on the sensing surface. This, in turn, induces an alteration in 
the local charge carrier concentration within the graphene channel, 
leading to a rightward shift of the Dirac point as seen in its electrical 
conductance behaviour. The magnitude of this Dirac point shift 
(Fig. 4A–B) exhibits a sensitivity of 24 mV per pH unit. In contrast, an 
elevated concentration of PB (Fig. 4C–D) at the same pH leads to a shift 
of the Dirac point to more n-doped regions. While the hole branch to the 
left of the Dirac point demonstrates minimal transconductance varia
tions, the conduction branch to the right of the Dirac point exhibits 
substantial changes with increasing PB concentration. This asymmetry is 
primarily due to the varying ionic strength, which affects the Debye 
length and hence the screening of electric fields by mobile ions near the 
graphene surface. In solutions with high ionic strength severe charge 
screening effects can be observed, which reduce the sensitivity of the 
SGFET to changes in ion concentration [8]. To evaluate the compati
bility of our sensors with biological substrates, we additionally investi
gated the response of our GSFETs to BSA and ssDNA. When a graphene- 
based SGFET is functionalized with a protein such as BSA, the protein 
molecules can adsorb onto the surface of the graphene and modify its 
electronic properties. BSA is a protein that is commonly used as a 
blocking agent to prevent nonspecific binding in biosensor applications. 
It has an isoelectric point ranging from pH 5.1 to 5.5 bearing an overall 
negatively charged character at pH 7 [23]. Due to its net negative charge 
at neutral pH, BSA can induce a local electrostatic potential. This local 

Fig. 2. Assembly of the sensor substrate, optical image of the platelet and embedment into the sensing platform. A) Photograph of PET platelet with PMMA coated 
graphene sample on it and the ready-to-use sensor with plastic casing from B) lower and C) upper view. D) Image of the platelet with graphene on it under the laser 
scanning microscope. E) The sensors are placed in a faraday cage to assure low noise measurements. 3-D model with a cut through the measurement chamber. The 
nodes for electrical contacting of the source, drain and the gate electrode are depicted in golden color. F) The solution exchange is performed with a semi-automated 
pipetting technology.
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electrostatic potential creates a repulsive force on electrons, pushing 
them away from the surface of graphene. This effect leads to an effective 
increase of positive charge carriers in the graphene (holes). As a result, 
more positive gate voltage is required to balance the excess holes and 
reach the CNP. This leads to a CNP shift to the right towards more 
positive gate voltages as BSA concentration increases (Fig. 5A–B). A 
comparison of recent BSA sensors in literature can be found in SI Table 2. 
Apart from BSA, we also observed the response of our sensors to the 
adsorption of ssDNA. ssDNA is a negatively charged molecule due to its 
phosphate backbone. However, when ssDNA adsorbs onto the graphene 
surface, it does not induce hole doping like BSA. Instead, the ssDNA’s 
negative charges provide additional electron density to the graphene. 
The adsorption of ssDNA can, therefore, result in electron accumulation 

near the graphene surface or in the regions it interacts with, effectively 
creating an n-doping effect [4]. Therefore, less positive gate voltage is 
required to reach the CNP, which causes a shift of the CNP towards more 
negative gate voltages. Consequently, the increased electron density 
leads to a decrease in the source-drain voltage required to drive a cur
rent, as the graphene becomes more conductive with more available 
charge carriers. In Fig. 5C and D, we highlighted this consequence. An 
increased concentration of ssDNA leads to a shift of the CNP to more 
negative gate voltages and decreased source-drain voltages.

4. Conclusion

In conclusion, our graphene-based sensors enhance the utility of the 

Fig. 3. Gate voltage sweep curves, the linear fit of the Dirac point and real-time measurement with the SURFE2R pipetting robot A) I/V curves for VDS varying 
between 100 and 700 mV. B) VDirac for VDS from 100 to 700 mV and the respective linear fit. C) I/V curves for the sodium chloride concentrations ranging from 1 M to 
100 pM at a VDS of 100 mV. D) Linear fit of VDirac for concentrations ranging from 1 M to 100 pM at a constant source/drain voltage of 100 mV. E) Real-time 
acquisition of the well rinsing at constant 50 mV gate voltage with a KCl solution of the respective concentration starting from 100 mM down to 0.001 mM. The 
source/drain current increases with lower concentrations. A slight drop in current with application of the solution can be attributed to the rapid solution exchange on 
the surface and the re-establishment of the dynamic equilibrium.
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SURFE2R device beyond capacitive measurements. Solution-gated ion- 
sensitive measurements facilitated by graphene’s tunable surface prop
erties allow for a differentiated approach to understanding ionic in
teractions at the biosensor interface. We demonstrate this through real- 
time IV-current measurements with potassium chloride. Our results 
showcase the sensor’s outstanding sensitivity, increased LOD for several 
orders of magnitude in comparison to previous findings, stability, and 
resilience under challenging environments (e.g. rapid solution exchange 
under varying pH). Using graphene’s optimal charge neutrality and 
quantum capacitance, we exploit interfacial properties to enhance 
sensor performance significantly. The system’s benefit is highlighted by 
its ability to amplify sensor sensitivity, enabling the precise detection of 

subtle electrical signal fluctuations. The integration of a PET substrate 
into our graphene sensor platform provides reproducible signals and 
enhances cost-effectiveness, making our sensors economically viable 
and scalable. The integration of graphene into the SSME technology 
from Nanion Technologies, additionally, addresses a significant limita
tion of this device which will be addressed in future experiments — the 
requirement to detach cells and disrupt them in their native state for 
measurements. Our graphene-based sensors facilitate direct culturing of 
cells or cell membrane fragment measurements on the biocompatible 
graphene surface, maintaining their physiological integrity and 
providing more reliable data reflective of their natural biological states. 
Our results also suggest the potential for our graphene sensors to 
improve the signal-to-noise ratio compared to traditional gold sensors in 
capacitive measurements. This enhancement is critical for resolving 
previously indiscernible kinetics due to poor signal-to-noise ratios, 
potentially allowing for a deeper understanding of transporter behav
iours and interactions in future studies. For these experiments, the sur
face will be functionalized with a lipid monolayer which will, 
additionally, prohibit unspecific binding of charged molecules from the 
buffer. Selectivity can be introduced in membrane transporter mea
surements by use of cells or cell membrane fragments which are 
genetically modified to only express a certain transporter. Overall, this 
innovative sensor technology not only holds promise for rapid real-time 
detection of electroactive molecules but also for the specific detection of 
membrane transport activities. With the potential to monitor transient 
currents both via capacitive measurement approaches and direct current 
readouts from real-time graphene sensing experiments, our system ex
emplifies the successful implementation of large-area graphene into 

Table 1 
Comparison of recent graphene-based ion-sensitive sensors in literature.

Reference Device Active 
area

Ionic 
Sensitivity

LOD 
(M)

Naþ This work PET/Graphene ~0.6 
cm2

80 mV/dec 10-10

[16] SiO2/Graphene/ 
ISM

~0.5 
nm2

152.4 mV/ 
dec

10-8

[11] SiO2, parylene C 
/Graphene/ISM

~0.4 
cm2

49.2 mV/dec 10-6

Kþ This work PET/Graphene ~0.6 
cm2

90 mV/dec 10-10

[11] SiO2, parylene C 
/Graphene/ISM

~0.4 
cm2

45.7 mV/dec ~10-5

[10] SiO2, parylene C 
/Graphene/ISM

~0.4 
cm2

37 mV/dec 10-9 

Fig. 4. I/V curves and linear fit of the Dirac point for varying pH values of 10 mM PB and varying concentrations of PB at pH 7. A) I/V curves for 10 mM phosphate 
buffer at pH 5 to 9. An increase of the pH causes a shift of the Dirac point to higher gate voltages. B) Linear fit of the voltage at the Dirac point against the applied 
phosphate buffer solutions with their pH ranging from 5 to 9. The Dirac point increases proportionally with the pH of the phosphate buffer. C) I/V curves for different 
phosphate buffer concentrations 0.1 to 100 mM. D) Linear fit of the voltage at the Dirac point against the applied phosphate buffer solutions with concentrations 
ranging from 0.1 to 100 mM.

M. Meincke et al.                                                                                                                                                                                                                               Measurement 240 (2025) 115592 

6 



existing industrial technology.
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