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Abstract

Reduced graphene oxide (rGO) thin films can be exploited as highly sensitive
transducer layers and integrated in interdigital micro-electrode systems for
biosensing processes. The distinctive bipolar characterisitics of rGO thin films can
be modulated by a very low external electric field due to the electrostatic charges of
biomolecules. These charges lead to a fast response in the readout signals of rGO
based ion sensitive field-effect transistors (ISFETs). The characterisitc changes of
rGO ISFETs enable a fast, accurate and reproducible detection of biomolecules.
The biosensing mechanism offers a fast and label-free approach for analyte

detection in contrast to the classical ELISA method.

In this contribution, we introduce a reproducible fabrication process of rGO based
field-effect transistors on wafer level. The sensors are functionalized as biosensors
to measure N-terminal pro-brain natriuretic peptide (NT-proBNP) in human serum
within its clinical range. Our optimized rGO sensor shows very promising electrical
properties and can be considered as a proof of concept study for the detection of
various analytes. The easy and cost-effective fabrication as well as the versatile
usability make this new technological platform an auspicious tool for different

sensing applications in future.



Keywords: reduced graphene oxide (rGO) thin-films; new reduction concept; rGO ion
sensitive field-effect transistor (ISFET) biosensor; detection of NT-proBNP in the clinical

range.

1. Introduction

The development of sensor systems with the ability to detect antigens in low
concentration ranges has been an uninterrupted interest for clinical studies as well
as scientists in the field of biosensors (Li et al., 2013), (Song et al., 2017). Since the
1960s, versatile methods have been established and consequently improved to
detect specific antigens for biosensing research. One of the most reliable techniques
today is the Enzyme-linked Immunosorbent Assay (ELISA) (Garcia et al., 1998),
(Hnasko et al., 2011). ELISA serves as a well-established and well-understood
method, which is already used in hospitals and analytical labs for the detection of
proteins, viruses, hormones and toxins (Sabzwari and Slade, 2017), (Song et al.,
2017), (Zhuo et al., 2011). ELISA is a fluorescence based optical method, which
requires elaborated mechanisms in order to identify the analyte in solution (Li et al.,
2016). This optical method exhibits a major disadvantage while analyzing low
concentrations of antigen biomarkers, due to the fact that the optical resolution is
obstructed by physical laws. In addition, a high analyte volume is needed,
fluorescence labels are required, and the measurement time is long (Garcia et al.,
1998), (Pan et al., 2017). These limitations do not allow for fast medical and early-
stage diagnostics. Due to these facts, technological alternatives for fast, reliable,
cost-effective and label-free sensors are currently in high demand. In the field of

electrical sensing, there is an increased desire to develop efficient biosensors with



superior capabilities for early state diagnostics, which are not attainable through
optical assays (C.H. et al., 2017), (Hancock and Tsang, 1986), (Zhuo et al., 2011),

(Zhang and Shu, 2017), (Wang et al., 2011).

Graphene oxide (GO) is a carbon-based material that has gained plenty of attention
in the last decade (Novoselov et al., 2012), (Eigler, 2016), (Nair et al., 2008), (Feng
et al.,, 2018). It is biocompatible and can be used as a highly sensitive transducer
layer integrated in an ISFET configuration. rGO thin films, in particular, possess
bipolar behavior and offer high biocompatibility (Boscher et al., 2010), (Cai et al.,
2014), '(Stebunov et al., 2015). In terms of electrical properties, rGO exceeds the
properties of silicon devices (Rani et al., 2016). Furthermore, the fabrication of rGO

devices is easy and cost-effective (Hess, 2013), (Wang et al., 2011).

In this contribution, the electrical detection of the biomarker NT-proBNP in human
blood serum within its clinical range is shown as a proof of concept (Lu et al., 2018),
(Mao et al., 2011), (Zhuo et al., 2011), (Seshadri et al., 2018). This biomarker, a
peptide secreted by the heart muscle cells in case of excessive strain can be used to
identify a heart failure (Gustafsson et al., 2005). A fast detection of NT-proBNP is not
possible based on existing methods (Stebunov et al., 2015). A label-free and fast
detection of NT-proBNP would be valuable for patients around the world (Saenger et
al., 2017). The proposed platform offers a fast and reliable analysis and could be
empolyed as an early stage diagnostic setup for addressing the biomarkers of heart
diseases in the clinical range. Combined with a low-cost fabrication process, the
established platform is potentially valuable for medical science as well as for

biosensing applications.

2. Materials and Methods



2.1. Fabrication of rGO-ISFET sensor

The syntheses of GO flakes is based on an already established low-temperature
exfoliation and desalination (LTED) protocol (Lu et al., 2018), (Eigler and Hirsch,
2014). The lithography processes were performed as explained in previous
publications (Lu et al., 2018). The wafer surface was modified by gas phase
silanization evaporation with (3-aminopropyl) triethoxysilane (APTES, Sigma Aldrich,
Germany), (Munief et al., 2018), (Schmitt and Heib, 2013), (Schmitt, 2014). On this
condensate layer of aminopropylsiloxane (APS), the GO aqueous solution was spin
coated 3 times and the formed GO thin films were micro-structured via
photolithography and dry etching with O,-plasma (100 W, 13 Pa, 20 s, Sl 591 M,
Sentech GmbH, Germany). Except the area of GO patterns and contact pads, all the
conductive lines were passivated with a new quarz glass procedure. With a rapid
thermal processing (RTP-CVD reactor, ASOnel50, ANNEALSYS, France), the GO
was reduced to rGO in 1 second at 450 °C (Phan and Chung, 2015). Each wafer

contained in total 100 rGO-IDEs devices.

The rGO pattern under the IDEs serves as gate area, which is of a size 200 pm x
200 um. Each rGO-IDEs chip consisted of a 4 x 4 pattern of gates with 8 gold
electrodes as the source contacts and another 8 gold electrodes as the drain
contacts (L = 3200 um) (figure 1 a). The rGO-ISFETs have an effective gate width of
W =200 um and an effective gate length of L =5 um. The separated chips were wire
bonded to chip carriers (LeitOn GmbH, Germany) and encapsulated with glass rings
using silicone adhesive (Dow Corning, 96-083) in order to generate a reservoir and
enable measurements in liquid. The wire bonds were covered by a layer of the

silicone adhesive to avoid electrical short circuits.



2.2. Material characterization of GO/rGO

The X-ray photoelectron spectroscopy (XPS) experiments were performed with an

ESCA Lab MK Il by Vacuum Generator using a non-monochromatised X-ray source

(Al-Ka, oo = 1486.6 eV). The C-1s spectra were recorded in normal emission at a
pass-energy of 10 eV.

Raman spectra were recorded using a Raman Microscope (LabRAM HR Evo-Nano,
HORIBA Jobin Yvon GmbH) with an excitation wavelength of 630 nm. A grating with
2400 lines/mm, and a 100 x objective (numeric aperture: 0.9) were used. The
spectral resolution was ~1.2 cm™, and the spot size on the sample mounted in the
focal plane ~ 2 ym using an output power of 0.3 mW. The acquisition time was 30 s
to eliminate cosmic rays and to improve the signal-to-noise ratio. We used the
Gaussian-Lorentzian algorithm to deconvolute the peak position which is essential to
track the change in the layer properties after the thermal treatments. Hence, we
iterated the four important Raman GO/rGO signatures: the D band assigned as the
Aig-mode of the displacement, the G bands as the Raman active E;q mode, the D”
provides the assumption about the content of oxygen atoms and the second order
2D bands describe the symmetry or non-symmetry of the crystal lattice (Cancado et

al., 2011)(Ferrari and Basko, 2013).

The scanning electron microscope (SEM) imaging of the samples was carried out on
a Suprad0 microscope (ZEISS AG, Germany), in low voltage mode at 5 kV and 10
mm working distance using a 20 mm size aperture. High magnification images were
taken at 4.45 kV (magnification in reference to device output 2700 screen). The pixel

resolution was 66.2 nm. All pictures were taken using an Everhard Thornley type SE-



detector (detection for secondary electrons), to reveal the topographic features on

the sample surfaces by edge effect and shadow formation.

2.3. Characterization setup for the field-effect measurements

The field-effect measurements were done with a semiconductor parameter analyzer
(Keithley 4200-SCS, Tektronix GmbH, Germany). Drain-source voltages (Vps) were
swept from -0.6 V to + 0.3 V. A gate-source voltage (Vgs) of 0.1V was applied
between the gate and source electrodes with a step size of 0.1 V. To investigate the
influence the change of the Vgs on the Ips, different Vgs voltages (-0.3 V,-0.2 V, -
0.1 Vv,-005 V,-001V to+0.01 V,+0.05 V,+0.1 V,+0.2 V,+0.3 V) were

applied.

2.4. Assay preparation for the NT-proBNP detection

The rGO surface was treated with a mixture of 80 mM (1-ethyl-3-(3-
dimethylaminoprpyl) carbodiimide (EDC), (E1769, Sigma-Aldrich, Germany) and 20
mM N-hdydroxysuccinimide (NHS), (130672-5G, Sigma-Aldrich, Germany) with a
volume ratio of 1:1. The rGO-ISFET chips were incubated with the EDC/NHS
solution for 30 min at room temperature. Afterwards, the EDC/NHS solution was
removed and the rGO chips were cleaned with 1 ml DI water and 1 ml phosphate
buffered saline (PBS, P4417-50TAB, Sigma-Aldrich, Germany) three times. The
antibodies (10 pg/ml, monoclonal antibody 4NT1-11D1, human antibody Mab:11D1,
HyTest Ltd., Finnland) were incubated over night at 4 °C. In the next step, the
antibody solution was removed and the chips were cleaned three times with 1 ml DI
water and three times with 1 ml PBS. After this, the free activated surface groups
were blocked with ethanolamine (ETA), E9508 Sigma-Aldrich, Germany). The

incubation was performed in 10 mM ETA for 30 min at pH ~ 7.4. Then, the chips
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were cleaned with 1 ml DI water and finally 1 ml PBS. The antigen was mixed into a
human serum sample solution (Cat.# 8NT2 BNP and proBNB recombinant human
plasma, HyTest Ltd.,, Finnland) and was added to the devices in different
concentrations (0,1 pg/ml, 1 pg/ml, 10 pg/ml, 100 pg/ml, 1000 pg/ml, 5000 pg/ml and
10000 pg/ml). All measurements of NT-proBNP were performed with an Ag/AgCI

reference electrode (DRIREF-2SH, World Precision Instruments, Germany) in solution.

3. Results

3.1. Material characterization of GO and rGO

The central aspect for the later electrical performance of these specific sensors is the
high precision spin coating of the GO to create ultra-thin films with an average
thickness of 1.5 - 2.5 nm over a four-inch wafer. This thickness is the key parameter
to produce such high sensitive transducer layers with a very low limit of detection.
The SEM micrograph (figure 1 (b)) illustrates the highly precise and homogenous
integration of the IDEs and the GO layers. The layers are agglomerated without grain
boundaries to an average thickness of 2 nm. The influence of the thermal treatments
on the GO/rGO layers was characterized by Raman spectroscopy and XPS (figure 2
(a) - (d)). According to fundamental results of previous basic studies, we are able to
differentiate the structure evolution of the thin-film layer after thermal reduction with
the Raman microanalysis (figure 2 (b), (d)) by the shift of the peak position, the full
width at half maximun (FWHM) as well as the intensity (Cangado et al., 2011),
(Ferrari and Basko, 2013), (Dresselhaus et al., 2010), (Jorio et al.,, 2011).
Additionally, the XPS data provides information on the overall amount of carbon in

the thin-film, the formation of oxygen, as well as the amount of oxygen bonded
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carbon. The sheet homogeneity of the IDE channel after the spectroscopy analysis

was electrically confirmed with a |-V dual-sweep.

Figure 2 (b) and (d) show the D peak position for GO allocated at 1325 cm™ and for
rGO at 1330 cm™. The corresponding FWHM value decreased after reduction from
110 to 90 and the intensity decreased from 95.7 % to 90.1 %. A comparable
tendency is set by the first order G-peak which is assigned for GO at 1601 cm™ and
for rGO at 1608 cm™, where the appearing normalized intensity increased from 81 %
to 92 % whereas the FWHM decreased from 54 to 48. A closer consideration of the
D” band shows that the GO fit is allocated at 1527 cm™ and for rGO at 1581 cm™
with the corresponding decrease in FWHM (Socrates, 2004) from 207 to 76 and the
intensity increase from 18.1 to 28.4. Furthermore, a similar situation can be observed
regarding the second order 2D band which appears for GO at 2638 cm™ and for rGO
at 2622 cm™ and the FWHM decreased from 136 to 133 and the normalized intensity

increased from 2.4 % to 2.6 % (Socrates, 2004).

The reduction concept is based on the amount of the different carbon species on the
atomic level (e.g. C-C, C-O and C=0) before and after the thermal treatment (figure
2 (a) and (c)). These experiments were performed on non-reduced GO samples as
well as on rGO samples where the substrate was annealed at 450 °C. For the non-
reduced GO sample, the XPS data shows mainly signals from C, O and the Si
substrate with C : O : Si = 21.0 at-% : 50.8 at-% : 28.2 at-%. In comparison, the
elemental composition for rGO changes to C : O : Si = 17.0 at-% : 52.9 at-% : 30.1
at-% with the relative decrease of C resulting from the elimination of additional C

related adsorbates. The comparison between the GO and rGO indicates the



transformation of the material properties on the crystal plane lattice (Beamson and

Briggs, 1993), (Delle et al., 2015).

To confirm the uniformity of the rGO sheet, the I-V dual-sweep configuration (figure 2
(e)) was used to analyze the channel function and the electrical variation of the
channels. After the reduction, the ohmic contact between the rGO thin-film and the
IDT is confirmed for all 16 channels by a linear current-voltage characteristic curve.
The rGO-ISFET chips show a typical resistance behavior for amorphous rGO with

values of around 40 kOhms = 9 % with an applied bias voltage of 100 mV.

The investigation of rGO shows the transformation of the material properties on the
crystal plane lattice (Beamson and Briggs, 1993), (Delle et al., 2015). A significant
number of functional groups which serve as potential binding sites as well as the
chemical and electrical homogeneity are essential for the detection of different NT-

proBNP concentrations.

3.2 Electrical characterization of the rGO-ISFET

To apply the rGO thin films as transducer layers in ISFET devices for biosensor
applications, the electronic performance and the thin-flm homogeneity were
evaluated in detail. The bipolar behavior of the devices was investigated
experimentally (figure 3). The Dirac point was tuned with different gate voltages.
Also, the shift of the Dirac point was observed to be influenced by varying pH values
and ionic strengths in PBS solutions. The performed measurements are necessary

to comprehend the biosensing mechanism of rGO based ISFET devices.

An exemplary characteristic curve of the rGO based ISFET devices is shown in

figure 3 (a). The left arm of the bipolar curve shows the region of the hole mobility
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while the right arm shows the region of the electron mobility. According to the curve,
the carrier concentration of holes is higher, which may lead to a steeper curve at the

left arm of the bipolar function.

Figure 3 (b) shows the influence of different Vgs on the Dirac point and Ips. Different
Vs were applied from -0.6 to +0.4 V in steps of 0.1 V. The Vgs variation changes the
Ips Which can be considered as a fine-tuning of the Fermi level in the rGO layer. The
Fermi level can be allocated at the Dirac cones in which the Ips achieves the
minimum current flow close to zero. That phenomenon is mainly caused by the
valence and conductance band taking over the shape of the upper and the lower half
conical band structures so that they meet at this position, (Partoens and Peeters,
2006), (Hess et al., 2013). However, the Dirac cones describe the behavior of the
charge carrier mobility through the rGO thin-film and show the change of the Fermi
level by tuning the Vgs (Morozov et al., 2005). In the rGO thin-film, the carrier
transport is based on the hopping from the source electrode through the transducer
layer towards the drain electrode. The Dirac point is located at negative Vs close to
Vss = 0 V where Ips has its lowest value. The location of the Dirac point in negative
Vss demonstrates the p-type behavior of the rGO thin film. The variation of the Vgs
from negative to positive bias voltage shows a symmetric shifting of the Dirac point

(figure 3 (b)) and confirms the p-type behavior of the rGO thin-film.

The sensor response for different pH solutions is shown in (figure 3 (c)) at
Ves=+ 0.1V. The Dirac point drastically shifted by the change of the electrostatic
double layer capacitance during the variation of the pH solutions from pH 6 to 6.5, 7,
7.5 and 8. For the acidic pH values, the Dirac point shifts to lower Vgs when

compared to pH 7. The alkaline pH solutions show a shift in the opposite direction. A
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change of 40 mV/pH can be seen. In order to test the long-term stability of the rGO

sensors, the devices were tested in 150 mM PBS solution.

As illustrated in figure 3 (d), the influence of different ionic strengths from 10 mM,
25 mM, 50 mM, 75 mM, 100 mM, 125 mM and 150 mM PBS on the rGO devices
was determined. The different applied ionic concentrations are modulating the
surface potential of the electrostatic double layer (EDL) capacitance on the
transducer layer. The change of higher or lower ionic concentrations creates the
potential difference between the interface of the bulk solution and the solid carbon
layer. The charges at the phase boundary are compensated by a number of charge
carriers in the aqueous phase which is modulating the carrier density in the rGO thin

films at the hole transport region.

The changes of the bipolar curves after the baseline correction are caused by the
potential difference of different buffer concentrations. The shift of the Dirac point is
infinitesimal. The gradient of all bipolar functions is shown in figure 3 (d). The
calculated intersection of the Dirac points after adding the different concentrations is
in the range from - 0.09 V to - 0.06 V. This is neglectable in comparison to the
response behavior of the p-type region. This characteristic result is similar to the
studies based on graphene devices (Kim et al., 2013). The ionic charges of the bulk
solutions do not influence the Dirac point, but the shift of the bipolar curve function is
still possible. The p-type function confirms the conductivity of the rGO and must be
considered as the response region for the sensing procedure under assay
conditions. Based on this response effect of the rGO devices, a selective sensing
performance in physiological buffer was achieved, which is essential for the assay

analysis.
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3.3 Biosensing of NT-proBNP biomarker

Different concentrations of NT-proBNP were tested with the rGO-ISFET. Figure 4
illustrates the field-effect measurements of different channels after the raw data was
baseline corrected over the local minimum of the Dirac point (figure 4 (a)). The Ips
change in the bipolar curve of the rGO devices is the sensor response. The Dirac
point can be considered as constant and does not influence the sensor detection.
The applied concentrations of NT-proBNP were in the clinical relevant range for the
early stage detection of the peptide. Table 1 gives an overview about the
performance of the existing scientific platforms as well as commercial available

ELISA kits for NT-proBNP detection.

The starting values of the field-effect measurements are calculated for the clinical
relevant range for early stage diagnosis. To determine the Ips changes dependent on
the biomarker concentration, the first derivative of the bipolar function was calculated
(figure 4 (b)). Additionally, the intersection of the Dirac points after adding the
different concentrations of the NT-proBNP biomarkers confirm that the shifting only
occurs in the small range from -0.095 V to -0.087 V. The comparison of the response
behavior illustrates that the Ips conductance decreases at the p-type curve function
within the range from 1.16 yS to 700 nS at Vgs = 0.6 V. The Dirac shift has no
noteworthy influence on the measurement. The complex formation between the
antibodies and the antigens is accompanied by the decrease of the current Ips at the
hole region side on top of the rGO layer. The sheet resistance of the rGO-ISFET
transducer layer increases during the binding reaction of the different biomarker

concentrations and leads to the lower of the bipolar function.
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Furthermore, the obtained changes of the field-effect measurements of five different
channels with NT-proBNP are evaluated in a concentration-response graph (figure 4
(c)). The results indicate that the lowest concentration of antigens that can be
detected is in the range of 1 - 10 pg/ml. Above 1000 pg/ml peptide, the saturation
point was observed (Zhang and Shu, 2017)(Garcia et al., 1998). The used Michaelis-
Menden function can be considered as an approximation to calculate the limit of
detection (LoD) value with 10 pg/ml of NT proBNP. The calculated LoD is 30 pg/ml
(calculation based on DIN 32645). This value is below the threshold value of the
New York Heart Association (HYHA) at stage 1 (100 pg/ml for men and 125 pg/ml for
women) and allows an assertion about the health condition of the patient (Maisel,
2001). The upper LoD is 713 pg/ml, which is slightly above the NYHA stadium Ill and
can therefore be considered as the value of acute and severe heart failure (Raphael

et al., 2007).

The measurements show a clear change in Ips due to the binding of NT-proBNP to
its specific antibody. In comparison to the experimental bipolar function, it is obvious
that the decrease of the Ips is caused by the specific binding between the antibody
and the antigen. At the measured protein concentration of 100 pg/ml, the senor

response corresponds the clinical range of NT-proBNP.

Conclusion

With this proof of concept study we introduced an innovative rGO sensor platform, in
which NT-proBNP could be measured with a very low limit of detection. The dose
response measurements showed that the clinical range for the NT-proBNP was

covered in the linear range based on the definition of the New York Heart
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Assiocitation for heart failure. Only the preparation of rGO ultra thin-films enables
this platform such a high performance for biosensing applications. We showed a
cost-effective, reliable, sensitive, selective and reproducible way to detect antigens
within the physiological buffer serum. When compared to the traditional methods
such as the ELISA kits, the label-free detection as well as the fast response time of
less than 15 minutes with small sample volumes of 50ul show some impressive
advantages. However, to realize clinical applications with the proposed devices,
additional improvements are required. Until now it is not possible to reutilize such a
sensor after the measurement under human serum condition. Furthermore, the rapid
detection of NT-proBNP for early-stage diagnosis requires an optimized assay to
reduce errors. Nevertheless, a strong performance of the devices was shown as well
as a potential platform for other biosensor applications, since the measurement
principle can be easily transferred to other fields, such as DNA or gas sensing, etc.
In future work for industrial applications the rGO transducer performance can be
further improved if the large area thin-film consists exclusively of GO monolayers.
Such enhancement of the rGO ISFET transducer layer could provide an alternative

platform to compete with already established and commercially available ELISA Kits.
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ACCEPTED MANUSCRIPT

Fig 1. (a) Optical differential interference contrast image of four interdigitated
electrode (IDE) sensor spots out of a 4 x 4 channel chip array. The conductive lines
are passivated with a special quarz glass passivation. (b) The graphene oxide layer
was patterned and afterwards contacted by gold electrodes in an IDE configuration.
GO was reduced to rGO to enable an electronic carrier transport through the
material. (c) Schematics of the biosensor interface architecture. Reduced graphene
oxide is modified with antibodies against NT-proBNP. The ionic composition of the
test solution and the interface architecture of the biomolecules attached to the
sensor surfaces leads to a specific ionic composition at the rGO-liquid interface. The
EDL acts as the ‘gate dielectric’c material for the rGO field-effect transistor

characteristics.

i RE: A§/AgCI

'%' ) oy

(c) A . Iout

BN
_ __ Exa

20




Fig 2: XPS after the Shirley background correction of the photoemission to compare
(a) the GO before and (c) after the thermal treatment. Raman spectroscopy shows
the molecular vibration mode of the (b) unreduced GO thin-film and (d) after the
rapid thermal processing reduction. (e) The |-V dual-sweep confirms the linear
characteristic trend of 16 channels after the reduction. This demonstrates that the

ohmic contact is formed between rGO and the IDEs and that the transducer layer is

homogenous.
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Fig 3: (a)Bipolar transport property of the rGO-ISFET device. The left arm shows the

hole carrier region and the right arm the electron region. An extrapolation of both

linear regions in this plot reveals the respective threshold voltages Vy, (h) and Vi, (e).

(b) The tuning of different Vgs shows a symmetric shift of the Dirac point in the

bipolar characteristic curve of the rGO-ISFETS. (c) Localization of the Dirac point by

different pH solutions. (d) The intersection of the Dirac points is constant after adding

the solutions with different ionic strengths, while Ips still changes.
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Fig 4: (a) Baseline corrected p-type curve function with different NT-proBNP
concentrations. The specific binding of the biomarker to the antibody increases the
sheet resistance while the Dirac point is constant. (b) The slope corresponds to the
instantaneous change of the bipolar waveform by the addition of different antigen
concentrations. (c) Plot of the binding isotherm with different antibody concentrations
in 150 mM serum buffer. The sensor is reacting in the clinically-relevant range at 100
pg/ml (blue frame) and is within the class | region according to the NYHA definition.

The yellow bar illustrates class Il according to the NYHA.
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Table 1: Comparsion of the limit of detection and the detection range of scientific developments and
commercialised systems for NT-proBNP detection.

Sensing mechanism Limit of Detection
for NT-proBNP detection range Reference
detection (pg mr') (pg mr')
Electrochemical 6 20-100000 (Zhuo et al., 2011)
Chromathography 47 200-26000 (Li et al., 2016)
Luminiscence 7 e (Zzhang and Shu, 2017)
Fluorobead label 3.7 7-600 (Song et al., 2017)
Commercial ELISA 30.9 30-2500 ABIN4947956
Commercial ELISA 46.88 3000 ABIN5706197
Commercial ELISA 50 50-1000 ABIN511239
Commercial ELISA 140 140-100000 ABIN1979532
Highlights:

A novel thermal method to reduce graphene-oxide (rGO) on wafer scale
allows a simultaneous reduction of rGO biosensors in one second.

The rGO thin-film is integrated by Interdigital Electrodes (IDE) and can be
utilized as field effect transistor (FET) for antigen detections.

The detection of NT-pro BNP was performed in 150 mM human blood serum
within the relevant clinical range.

This proof of concept utilizing a new fabrication and reduction method enables

us to create a new, fast, cost-effective and reproducible label-free biosensor
platform on wafer level.
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