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A B S T R A C T   

Graphene-based transistors are promising devices in the evaluation of carrier density in biological analytes. We 
report on the design and fabrication of a graphene-based field-effect transistor for monitoring and assessing the 
interaction between the coagulation factors based on the charge carrier density in a blood sample. When 
biochemical reactions occurred during the coagulation cascade process, a dopant effect was noticed on the 
graphene surface by the change in Dirac point voltage values. Additional experiments were performed using 
blood samples treated with activators (vitamin K, calcium chloride, and thromboplastin reagent) and inhibitors 
(heparin drugs) to evaluate the selectivity of the graphene field-effect transistor devices. Since the transfer 
characteristic curves presented divergent behaviours for different levels of procoagulants and anticoagulants, the 
measurements showed that the devices can assess changes in the concentrations of factors that inhibit or 
accelerate the cascade process when using untreated and treated samples. Reproducibility was verified by testing 
samples from different sources. To the best of our knowledge, this study is the first to demonstrate the potential 
of graphene in monitoring the hemostasis process through the analysis of the electrical properties of human 
whole blood.   

1. Introduction 

Hemostasis is an important and complex physiological process that 
initiates after vascular trauma to prevent blood loss (Lei et al., 2013; 
Palta et al., 2014; Wahed and Dasgupta, 2015; Winter et al., 2017). This 
multi-factorial biological mechanism is essential to maintain optimal 
blood rheology and can be used to detect and control many disorders 
that affect the clotting time of the patient, thus avoiding serious path
ological complications in the vascular system, such as hemorrhage, 
venous thrombosis, and embolism (Bazaev et al., 2015; Chapin and 
Hajjar, 2015; Palta et al., 2014; Ramaswamy et al., 2013). Within a few 
seconds after the trauma, the primary stage of hemostasis starts with 
vascular constriction and platelet plug formation (Wahed and Dasgupta, 
2015; Winter et al., 2017). This is followed by the secondary stage 
known as coagulation cascade, wherein fibrin clot formation and the 
growth of fibrous tissue occur (Bazaev et al., 2015; Lei et al., 2013; 
Wahed and Dasgupta, 2015; Winter et al., 2017). The cascade process 
can be activated by the intrinsic pathway (contact) or by the extrinsic 
pathway (tissue factor) according to the in vitro analysis model (Winter 
et al., 2017). The coagulation process involves many biological 

components that can be classified as procoagulants (e.g., fibrinogen 
(factor I)) which promote clot formation, and anticoagulants (e.g., 
antithrombin (AT)) which inhibit biochemical reactions (Bazaev et al., 
2015; Lane, 2005; Palta et al., 2014; Tormoen et al., 2013). Most tests for 
coagulation, such as prothrombin time (PT) and activated partial 
thromboplastin time (aPTT) measurements, are recorded by automated 
coagulation analyzers using photo-optical or electromechanical 
methods (Bazaev et al., 2015; Harris et al., 2013; Yang, 2013). Fibrin 
formation can be determined by changes in the mechanical and elec
trical properties of blood or through ultrasonic/optical measurements 
(Bazaev et al., 2015; Cakmak et al., 2014; Lei et al., 2013; Maji et al., 
2017). 

Biosensor devices for point-of-care diagnostics have several advan
tages, such as miniaturization, integration, accuracy, and automation of 
biological and chemical testing (Ramaswamy et al., 2013; Tzong-Jih 
Cheng et al., 1998; Yang, 2013). These also provide a well-controlled 
environment for the investigation of biological processes, such as 
coagulation (Lei et al., 2013; Ramaswamy et al., 2013; Tzong-Jih Cheng 
et al., 1998; Yang, 2013). Some point-of-care devices for the determi
nation of blood coagulation time have been reported, with most based 
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on detecting changes in the mechanical and optical properties of blood 
using piezoelectric quartz crystals and optical methods (Harris et al., 
2013; Müller et al., 2010; Tzong-Jih Cheng et al., 1998; Yang, 2013; Yao 
et al., 2013). However, only a few studies have evaluated coagulation 
time by investigating the electrical properties of blood using, for 
example, electrochemical impedance or dielectric spectroscopy sensors 
(Harris et al., 2013; Lei et al., 2013; Maji et al., 2017, 2015; Ramaswamy 
et al., 2013). 

Graphene is a nanocarbon material that presents unique electronic 
properties, and a large surface area (Andronescu and Schuhmann, 2017; 
Lei et al., 2017; Mao and Chen, 2017; Forsyth et al., 2017). It is emerging 
as one of the most promising biocompatible nanomaterials for use in 
point-of-care biomedical applications (Dong et al., 2010; Han et al., 
2017; Mao and Chen, 2017; Forsyth et al., 2017; Suvarnaphaet and 
Pechprasarn, 2017). Additionally, graphene has the potential for use in a 
low-cost biosensor with high sensitivity and specificity (Andronescu and 
Schuhmann, 2017; Forsyth et al., 2017; Suvarnaphaet and Pechprasarn, 
2017). In the last decade, the graphene field-effect transistor (GFET) has 
been studied for application as a sensor to detect biomolecules such as 
DNA, RNA, proteins, and enzymes (Andronescu and Schuhmann, 2017; 
Dong et al., 2010; Han et al., 2017; Kim et al., 2019; Lei et al., 2017; Mao 
and Chen, 2017; Forsyth et al., 2017; Suvarnaphaet and Pechprasarn, 
2017). GFET sensing uses the electrical response detected upon the 
binding or adsorption of charged biomolecules to the graphene surface 
through π-π stacking interactions while an electric field is applied to the 
gate terminal (Fu et al., 2017; Han et al., 2017; Kim et al., 2019; Forsyth 
et al., 2017; Tran and Mulchandani, 2016). The neutrality point, also 
known as the Dirac point, is a material property that defines the doping 
effect on the graphene (Dong et al., 2010; Fu et al., 2017; Han et al., 
2017; Suvarnaphaet and Pechprasarn, 2017; Tran and Mulchandani, 
2016). An additional benefit is that it is easier to control the doping 
concentration and improve mobility in a graphene-based field-effect 
transistor as compared to other devices (Dong et al., 2010; Han et al., 
2017; Kim et al., 2019; Kwak et al., 2012). 

In this work, we designed and fabricated a solution-gate graphene- 
based field-effect transistor. The GFET device was used to investigate 
interactions between a non-functionalized graphene layer and whole 
blood samples throughout the hemostasis process. Blood samples were 
also treated with different volumes of activators (vitamin K, calcium 
chloride, and thromboplastin reagent) and inhibitors (heparin drugs) to 
evaluate the selectivity of the device and the effects of these biochemical 
components in the coagulation cascade. Lastly, reproducibility was 
verified using different blood samples. 

2. Material and methods 

2.1. Materials 

AZ-1512, SU-8 2075, hexamethyldisilazane (HMDS) and (1- 
methoxy-2-propyl) acetate (SU-8 developer) were obtained from 
MicroChem Corp. (Westborough, U.S.A.). Polydimethylsiloxane (Syl
gard 184 A/B) was purchased from Dow Corning (Seoul, Korea). Gra
phene layer grown by CVD was acquired from Graphenea (San 
Sebasti�an, Spain). Calcium chloride, vitamin K1, enoxaparin sodium, 
parnaparin sodium, iron (III) chloride powder, and phosphate-buffered 
saline were supplied by Sigma-Aldrich Corp. (St. Louis, U.S.A.). 
Thromborel S Reagent was purchased from Sysmex Korea Co., Ltd. 
(Seoul, Korea). Trisodium citrate tube (1.8 mL) is courtesy of AB Med
ical, Inc. (Nam-myeon, Korea). Illustrations were created with 
BioRender. 

2.2. Fabrication of solution-gate GFET devices 

Three coplanar terminals (source, drain, and gate) were deposited on 
the substrate using photolithography coupled with metal deposition by 
thermal evaporation (Han et al., 2017; Kim et al., 2019). To fabricate the 

terminals, glass substrates were first cleaned by ultrasonication in 
acetone, then in isopropyl alcohol (IPA) for 10 min each. After drying, 
the glass surface was first spin-coated with HMDS to promote adhesion, 
and then with AZ-1512 positive photoresist (PR) (Fig. S1A). Substrates 
were soft baked for 10 min at 95 �C in a conventional oven. To pattern 
the terminals using a photomask, the glasses were exposed to ultraviolet 
(UV) radiation by a mask aligner (MA-6, Karl-Suss) (Fig. S1B). After 
dissolving the exposed PR (Fig. S1C), a titanium (Ti) layer was deposited 
over the glass as a support layer using a vacuum thermal evaporator 
(Evaporation System SHE-6T-350D), followed by deposition of a gold 
(Au) layer (Fig. S1D). To remove the residual photoresist, the substrates 
were placed in an acetone bath, ultra-sonicated, then dried. 

Next, CVD-grown graphene (5 � 5 mm2) was spin-coated with a 
triple-layer of PDMS (mixing base and curing agents of silicone elas
tomer in 9:1 v/v ratio) and cured for 10 min at 95 �C after the deposition 
of each layer (Fig. S1E). Copper was etched away from the PDMS/gra
phene/Cu film using ferric chloride solution (FeCl3, 0.25 mg/mL) for 15 
min at room temperature (Fig. S1F). The layer was rinsed with DI water 
and then transferred onto the region between the source and drain ter
minals using DI water as a transfer medium and with the support of 
tweezers (Fig. S1G). The PDMS/graphene top surface was blow-dried 
with a nitrogen gun for a few seconds to reduce the water concentra
tion under the film, and the substrate was placed for 5 min in an oven at 
75 �C. The PDMS layer was removed from the graphene layer after 
placing the device in an acetone bath for 1 h. The substrate was cleaned 
with IPA and DI water, then dried with nitrogen. 

To deliver the biological sample that interacts with the non- 
functionalized graphene surface, a PDMS microfluidic channel was 
fabricated on top of the region between the active layer and the gate 
terminal. The channel mold was also fabricated using a photolithog
raphy technique in which a silicon wafer (4 inches) was spin-coated with 
negative photoresist (SU-8 2075), exposed to UV radiation, then soft- 
baked in an oven for 5 min at 65 �C, followed by 12 more minutes at 
95 �C. The silicon wafer was immersed in SU-8 developer ((1-methoxy- 
2-propyl) acetate) for 5 min and rinsed with IPA and DI water. Then, the 
wafer was hard-baked in an oven for 30 min at 150 �C. Base and curing 
agents (10:1 v/v ratio) of silicone elastomer were mixed and poured 
onto the mold (Fig. S1H). After degassing at room temperature, PDMS 
was cured for 1 h at 75 �C. The polymer was peeled off, then cut and 
drilled to allow access to the microchannel through the inlet and outlet 
holes. The microfluidic channel was cleaned with IPA and DI water, then 
bonded onto the glass substrate by an UV-ozone treatment (Fig. S1I). 
The device has the configuration of a solution-gate GFET fabricated on a 
glass substrate integrated with a polydimethylsiloxane (PDMS) micro
fluidic channel (Fig. 1). 

2.3. Measurement and characterization 

In this study, transfer curve measurements were carried out using an 
HP Agilent 4145B Semiconductor Parameter Analyzer coupled with a 
probe station. To evaluate device performance and create a reference 
point, phosphate-buffered saline (PBS) solution was injected into the 
channel. The drain current (ID) was measured while applying different 
bias voltages (VG) to the common gate terminal while keeping the drain 
voltage (VD) constant at 0.4 V. For the experiments carried out using 
biological samples, the transfer curves were measured repeatedly for 15 
min at an interval of 30 s. Then, the Dirac point and drain current could 
be evaluated for each device over the course of the experiment. The 
measured electrical signals indicate a doping effect occurred during the 
biological process, the increase or decrease in charge density over the 
active layer surface result in a left- or right-shift of the Dirac point (Dong 
et al., 2010; Han et al., 2017). 

2.4. Sample preparation 

To perform the clotting test, whole human blood sample kept in 3.2% 
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sodium citrate anticoagulant collection tubes at 37 �C were used. After 
device characterization, the PBS solution was removed from the 
microchannels, and the pathways were cleaned with IPA/DI water and 
then dried in an oven at 75 �C for 5 min. To initiate coagulation in the 
whole blood supplemented with anticoagulant, calcium chloride (CaCl2) 
was added in the sample to initiate clotting before injecting 10 μL of 
whole blood (Fig. 2A) into the channel (Lei et al., 2013; Maji et al., 2017, 
2015). Subsequently, measurements were performed to obtain the ID-VG 
response curves as described herein (Fig. 2B–C). Additionally, blood 
samples were treated with several biochemicals (Table S1) to alter the 
clotting process by activating or restricting certain blood factors after 
the onset of hemostasis. Vitamin K (VitK), thromboplastin reagent (TR) 
and calcium ions (CaCl2) were chosen as activators. To inhibit the pro
cess, heparin drugs were selected based on the different ratios of anti-Xa 
to anti-IIa activity. 

2.5. Data analysis and statistics 

Data analysis was performed in Origin 8.5.0, including the normal
ization process. Also, the medians, means and standard deviation values 
were calculated using Origin 8.5.0. 

3. Results 

3.1. Effect of the hemostasis process on the graphene surface 

The electrical properties of the sensors were characterized using PBS 
solution to obtain a reference point. After measuring the transfer char
acteristic curves of the GFET devices (Fig. S2A), a mean Dirac point 
voltage (VDirac) of 0.99 V (n ¼ 40; median of 1 V; standard deviation (SD) 
of �0.02 V) (Fig. S2B) was obtained. The GFET devices were stored in a 
dry box at room temperature and for one week the stability of the 

devices were verified using the buffer solution. The average value of the 
Dirac point voltages was 1.02 V (SD of �0.03 V; n ¼ 10) presenting a 
small variation when compared with the value measured (0.99 V) right 
after the device was produced. All microchannels were cleaned with 
deionized (DI) water and dried before the biological experiment. After 
sample incubation and re-calcification, 10 μL of human whole blood 
(HWB) was injected into the channel. The drain current (ID)-gate voltage 
(VG) characteristic curve was recorded during primary (Fig. 3A) and 
secondary (Fig. 3B) hemostasis caused by the vessel injury. Using the 
mean VDirac value of PBS solution as a reference point, a shift of 0.53 V 
towards lower VG values was observed after the injection of blood 
(Fig. 3C). The curve response indicates that there was an increase in 
negative charge density over the graphene surface during the coagula
tion cascade (Dong et al., 2010; Kwak et al., 2012; Levesque et al., 
2011). This phenomenon is observed because of the exposure of platelet 
phospholipids (PL) during the first step of the hemostasis process 
(Fig. 3A). These negatively charged lipids, which are located in the 
activated platelet membrane, bind with plasma protein molecules (fac
tor V and factor X) through calcium ions (BERMINGHAM et al., 1968; 
BHAGAVAN, 2002; Boon, 1993; Morin, 1980; Periayah et al., 2017). 
Additionally, there exists increased carrier concentration due to the 
activation of anti- and procoagulants in the coagulation cascade (Boon, 
1993; Palta et al., 2014; Sperling et al., 2017). The experiments were 
repeated in two additional devices using aliquots of the same sample, 
and a shift in VDirac between 0.8 V and 0.6 V was observed (Fig. 3D). 
High-magnification images show the clot that formed on the graphene 
surface (Fig. 3E) after being transferred to a glass substrate. The red 
blood cells that were not included in the cross-linked fibrin can be seen. 

To evaluate clot formation in altered blood samples and to optimize 
device selectivity, further experiments were carried out using samples 
treated with different volumes of biochemical components that affect 
the hemostasis process. To accelerate the reactions of the coagulation 

Fig. 1. Microchannel integrated with a solution-gate graphene-based field-effect transistor to monitor the electrical properties of the hemostasis process. (A) Iso
metric view. (B) Top view. (C) Cross-sectional A-A view. (D) GFET device prototype. 
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cascade, the blood was treated with different activators, vitamin K, 
thromboplastin reagent and CaCl2 (Golder et al., 2013; Palta et al., 2014; 
Periayah et al., 2017). And to restrain the hemostasis process, two types 
of negatively charged low-molecular-weight heparin (LMWH) drugs 
were added to the whole blood samples to act as a thrombin inhibitor 
(Funk, 2012; Merli and Groce, 2010; Palta et al., 2014; Tripodi, 2016). 
The anticoagulant drugs, enoxaparin sodium (LMWHE) and parnaparin 
sodium (LMWHP), were selected for these experiments. Both types of 
heparin directly inhibit factor X after its activation, but the effects of the 
different types of LMWH on each factor that participates in the clot 
formation process are still unclear (Wahed and Dasgupta, 2015; White 
and Ginsberg, 2003). Therefore, it is understandable that divergent 
behaviours are observed when monitoring the hemostasis process using 
heparin-treated samples because the ratios of anti-factor Xa and 
anti-thrombin activities vary with heparin type (Schoen et al., 1992; 
White and Ginsberg, 2003). 

First, the transfer curves (Fig. S3) were measured for each device 
containing different volumes (2.5, 5.0, 7.5 μL) of activators and in
hibitors in the total analyte volume. Then, to guarantee the effect of each 

biochemical in the main experiment, a volume of 7.5 μL of each 
biochemical was defined to be used in the GFET devices and the Dirac 
point voltage values were obtained (Fig. 4A) based on the measured 
transfer curves (Fig. S3). Afterward, each component (7.5 μL) was added 
to the blood drawn (10 μL) and an aliquot of 10 μL was injected into the 
channel. The changes in the neutrality point values (VDirac) of the 
different devices based on the initial transfer curves (Fig. S4) measured 
during the coagulation cascade can be observed considering the values 
of the Dirac point (Fig. 4B). The median values and the standard de
viations of the activators and inhibitors before and after adding the 
blood samples are presented in Table S2. Decreased VDirac values were 
seen in all devices immediately after the injection of the samples (un
treated and treated blood samples) into the microchannels. Vitamin K 
(Fig. 4C) stimulates the cascade process while increasing specific factors 
in the sample, thus providing a smaller Dirac point voltage value. Tissue 
factor triggers the extrinsic pathway (Fig. 3B), also promoting faster clot 
formation than in the other samples, which is reflected in the VDirac 
value of the sample treated with TR. Calcium chloride increases protein- 
phospholipid interactions (Fig. 4D), thereby accelerating clot formation 

Fig. 2. Schematic representation of the GFET sensor experiments using different analytes. (A) Pristine human whole blood samples were prepared and mixed with 
activators (vitamin K, thromboplastin reagent, and CaCl2) and inhibitors (enoxaparin sodium and parnaparin sodium). (B) Sample injection into the channel and 
measurement setup using a semiconductor parameter analyzer. (C) Behavior of the transfer characteristic curves during testing of the biological samples. 
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(Freedman et al., 1996; Morin, 1980). The doping effect decreases when 
inhibitors (heparin drugs) are added to the blood sample, indicating a 
slower cascade effect (Fig. 4E). Results from the treated samples show 
that the most effective activator and inhibitor were the thromboplastin 

reagent and the parnaparin sodium, respectively. This can be seen when 
comparing the transfer characteristic curves (Fig. 4F) of both treated 
samples with the pristine blood. 

Fig. 3. Hemostasis process and the changes in the charge carrier density over the graphene surface. (A) Primary hemostasis process occurring in the blood sample 
during the measurements, negatively charged platelet phospholipids are exposed after platelet membrane activation. (B) A brief representation of the extrinsic 
pathway triggered by the tissue factor to form the fibrin clot. (C) Comparison between HWB sample (initial transfer curve, at 0 min) and PBS solution based on 
normalized transfer curves from a single device. (D) Shift in the Dirac point voltage values of aliquots of the same sample based on the average reference point (VDirac 
¼ 0.99 V) in three different devices (inset figure shows the transfer curves of each GFET device). (E) Microscope images of a cross-linked fibrin clot, red blood cells, 
and plasma from the graphene surface transferred onto a bare glass substrate. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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3.2. Stabilization of the hemostasis process based on the GFET electrical 
characteristics 

Stabilization of the hemostasis process was verified after injecting 10 
μL of recalcified whole blood into the microfluidic channels while the 
Dirac point voltage values were recorded within a time interval. Human 
blood samples treated with vitamin K, thromboplastin reagent, CaCl2, 
and heparin drugs were also used to monitor changes in the neutrality 
point. ID-VG transfer curves were measured every 15 min (Fig. 5A) for 1 
h. Using the buffer solution as a reference point, all Dirac point values 

shifted toward the negative gate voltage when comparing the values at 
the beginning of the process (at 0 min) with those at the time of total clot 
formation (at 60 min) (Fig. 5B). The highest shift in VDirac was observed 
in the sample treated with the tissue factor (HWB þ TR) and is related to 
the rapid activation of the extrinsic path. 

However, the graphene surface began to show stability in the doping 
effect between 15 and 30 min at which time the variation in the Dirac 
point voltage was small, indicating a reduction in biochemical in
teractions due to fibrinolysis (clot dissolution) (Funk, 2012; Ilinskaya 
and Dobrovolskaia, 2013). This phenomenon was likely caused by the 

Fig. 4. The effects on the coagulation cascade using GFET devices using different analytes as the electrolyte in GFET device. (A) Dirac point voltage values for 
different raw analytes. (B) Recorded values of the Dirac point voltage (at 0 min) using pristine and treated blood samples with activators (VitK, TR, and CaCl2) and 
inhibitors (LMWHE and LMWHP). (C) Presence of vitamin K increases the activity of specific proteins (for example, factor II, factor VII, and factor X). (D) Calcium ions 
stimulate the binding between the activated factors and the injured site, accelerating the cascade process. (E) Heparin drugs inhibit the thrombin (activated factor II) 
preventing the clot formation. (F) Comparison between the transfer curves of treated samples with the highest effect on the cascade, the untreated whole blood 
sample and the buffer solution. Error bars in the bar charts represent the standard deviation of three individual measurements. 
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action of anticoagulants that inhibit the activators (e.g., vitamin K or 
positively charged calcium ions) or even by the factors themselves (e.g., 
activated factor II, also called thrombin) (Funk, 2012; Kuharsky and 
Fogelson, 2001; Palta et al., 2014). The inhibition of the activated fac
tors and their activators down-regulates cascade activation and conse
quently, the blood sample on the surface of the graphene begins to show 
stabilization of the charge carrier concentration (Dahlb€ack, 2005; Funk, 
2012; Mosnier and Griffin, 2015). The sample treated with activators 
presented small Dirac point voltage values when compared with other 
samples, indicating that there were more negative carriers on the gra
phene surface because of each biochemical reaction in the coagulation 
cascade. Since the experiment was performed in vitro, it was impossible, 
for example, to regulate fibrinolysis, causing the analyte to present a 
high and stable concentration of negative charge carriers (remaining 
activated factors) at the end of the process. 

3.3. Monitoring clotting formation using different blood samples 

The GFET device performance was evaluated using different blood 
samples. Following the procedure already described herein, ID-VG 
transfer curves were measured immediately after the blood samples 
were injected in the devices (Fig. 6A). As expected, there was a gap 
between the Dirac point voltage values of Sample A (HWBA) and Sample 
B (HWBB). However, both samples showed a reduction in VDirac, indi
cating the existence of negative charge carriers on the graphene surface. 
Dirac point stabilization (Fig. 6B) was observed to occur at different 
rates for each sample since the level of procoagulants and anticoagulants 
are different in each human organism which leads to different times over 
which the coagulation process occurs (Dahlb€ack, 2005; Fu et al., 2017; 
Ilinskaya and Dobrovolskaia, 2013; Palta et al., 2014). Similar behav
iour can be observed when the ID values of the samples from the first 15 
min of the coagulation process are plotted (Fig. 6C). The curvature of the 
line representing the ID values of Sample A indicates a faster reaction 
than that representing the ID values of Sample B. 

4. Discussion 

The GFET devices were characterized using a buffer solution pre
senting a Dirac point stability similar to other transistors cited in the 
literature (Han et al., 2017; Kim et al., 2019; Lei et al., 2017; 
Reiner-Rozman et al., 2015). The reference neutrality point was around 
0.99 V in the GFET devices, while the values reported for other 
graphene-based devices vary between 0.2 V and 1 V in similar condi
tions (Cai et al., 2015; Han et al., 2017; Kim et al., 2019; Lei et al., 2017; 
Reiner-Rozman et al., 2015). In our previous work, we reported an 
improvement in the technique used to transfer the graphene layer over 
the substrate surface (Kim et al., 2019). With three layers of PDMS over 
the CVD-grown graphene, we could guarantee the uniformity after 
transferring the graphene on the glass substrate and reduce the defects. 
Then, it was possible to obtain a low standard deviation (SD ¼ � 0.02 V; 
n ¼ 40) in the Dirac point voltage values of the GFET devices fabricated 

for this study. Nevertheless, detection is performed faster when using the 
GFET device because there is no time required for equilibrium setting 
due to calibration/immobilization of the active layer surface. Some 
studies report a long wait time but this stabilization time also depends 
on the analyte being investigated (Afsahi et al., 2018a; Han et al., 2017; 
Kim et al., 2019; Reiner-Rozman et al., 2015). For these experiments, 
there was no need to immobilize the analyte or bioreceptor since a re
agent triggered the biochemical reaction directly on the sample. How
ever, when the device is implemented to perform the prothrombin time 
test, there is a necessity to immobilize the thromboplastin reagent over 
the graphene surface. 

Transfer characteristic curves were measured when the untreated 
blood was injected into the microchannel. The changes observed in the 
electrical properties of the whole blood samples subjected to different 
treatments were used to monitor and evaluate the hemostasis process 
forming the clot. Then, selectivity was verified using different analytes 
(activators (vitamin K, thromboplastin reagent, and calcium chloride) 
and inhibitors (enoxaparin sodium and parnaparin sodium)) as elec
trolytes. The Dirac point voltage shifted in all experiments, indicating a 
change in charge carrier concentration on the graphene surface This 
follows the trends presented in other reports, which showed that a 
graphene-based transistor is capable of detecting protein, biological 
serum, and acids (Afsahi et al., 2018b, 2018a; Farid et al., 2015; Lei 
et al., 2017; Reiner-Rozman et al., 2015) due to the adsorption of the 
molecules. The n-doping effect observed during the hemostasis process 
is explained by the complex reactions that occur between the 
blood-clotting factors, the different plasma proteins, that are activated 
to form the fibrin clot (Mosnier and Griffin, 2015). The first shift in the 
Dirac point value was due to platelet activation after the vessel was 
injured, leading to the exposition of negatively charged phospholipids 
(Dahlb€ack, 2005; Funk, 2012; Harris et al., 2013; Mosnier and Griffin, 
2015; Palta et al., 2014). These lipid molecules are necessary for cascade 
propagation because they bind some of the factors on the platelet 
membranes attached to the vessel injury (Funk, 2012; Mosnier and 
Griffin, 2015; Palta et al., 2014). During monitoring, there was no sig
nificant variation in the Dirac point voltage between 45 and 60 min, 
indicating the end of the hemostasis process and therefore the total 
formation of the clot. 

In the devices testing blood samples treated with activators, it was 
possible to notice the strong effect of vitamin K and thromboplastin 
reagent in the hemostasis process. Inserting tissue factor into the whole 
blood sample led to a significant decrease in the Dirac point voltage 
values and faster fibrin clot formation. However, when using calcium 
chloride, the initial shift was not large because the ions do not increase 
or stimulate the activation of other coagulation factors. After 15 min, the 
Dirac point decreased significantly because calcium ions promote more 
bindings between the activated factors and the phospholipid site on the 
platelet surface, thus contributing to the formation of the fibrin clot. 
When the heparin drugs were included, the behaviour observed in the 
Dirac point values was as expected because there was no drastic change 
in values even after the end of the measurement (60 min). These drugs 

Fig. 5. Stabilization of the hemostasis process based 
on the Dirac point voltage. (A) Dirac point voltage 
values for aliquots of the blood samples (10 μL) 
mixed with 7.5 μL of different activators and in
hibitors and measured every 15 min. (B) Shift 
observed in the Dirac point voltage values from the 
beginning of the hemostasis process (at 0 min) until 
the fibrin clot was completely formed (at 60 min) in 
blood samples mixed with 7.5 μL of activator or in
hibitor. Error bars in the bar charts represent the 
standard deviation of three individual 
measurements.   
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are responsible for the inhibition of thrombin during the hemostasis 
process. The parnaparin sodium drug (anti-Xa/anti-IIa ratio > 4) 
demonstrated a greater effect in restricting such factors than the enox
aparin sodium drug (anti-Xa/anti-IIa ratio ¼ 3.9) because of its higher 
ratio of anti-Xa to anti-IIa activity (Bugamelli et al., 2008; Schoen et al., 
1992). 

When studying the device performance with different samples, the 
transfer characteristic curves exhibited different shapes but the same 
behaviour in the Dirac point shift for both untreated blood samples. 

Sample B showed a larger shift, indicating a faster hemostasis reaction 
than Sample A. This was also observed when evaluating the drain cur
rent variation of each sample for 15 min. The curvature slopes indicate 
that Sample B formed a fibrin clot faster than Sample A. Variations in the 
biochemical reactions are related to the differences in the concentra
tions of coagulation components present in the samples from each 
human organism. 

The method proposed in this study was able to monitor the charge 
concentrations in the blood samples during the hemostasis process using 
the GFET devices. However, it is necessary to improve the fabrication 
process and the measurement technique. The materials used to produce 
the transistors herein have a high cost and are not sustainable and 
environment-friendly. Additionally, the graphene is easily susceptible to 
contamination, structural defects, and ambient conditions. Then, it is 
necessary to improve the transfer method to reduce the defect in the 
active layer and increase the reproducibility of the experiments. 
Furthermore, the measurement method needs to be improved to obtain 
the exact second when occurs the integration between the extrinsic and 
the common paths based on the current obtained at the point of 
neutrality. The interval between each transfer curve is around 30 s, but 
to reproduce and validate the GFET device for PT test, the data should be 
collected in less than 1 s, since the result of this test should be recorded 
between 8 and 12 s when the patient presents a normal clot time. For the 
next plan of this study, the GFET device will be modified and new studies 
will focus on the PT and the aPTT tests based on the change of the carrier 
charge concentration in real blood samples in different conditions. 

5. Conclusion 

In this work, we present a new to a method to evaluate and monitor 
the hemostasis process based on the measurement of the electrical 
properties of whole blood samples using a fabricated solution-gate 
GFET. Small amounts of human blood samples (10 μL) were treated 
with different biochemicals to alter the hemostasis process by inhibiting 
or activating the blood factors. Between the selected activators, the 
thromboplastin reagent affected more the cascade process. However, the 
heparin drugs presented similar effects when inhibiting the factors based 
on the shift of the Dirac point voltages. Additionally, different samples 
were also injected in the devices to verify the reproducibility. Consid
ering that each human organism has different concentrations of the 
blood factors, the shift in the Dirac point values was also distinctive but 
presenting the same tendency. The results obtained demonstrate the 
potential of our solution-gate GFET to investigate the charge concen
tration of human blood. Also, after the improvement of the fabrication 
and measurement techniques, the device will be used for point-of-care 
applications to evaluate different biochemical components that are 
reacting and interacting during the hemostasis process as a real-time 
sensor. 
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