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Blood typing is essential in fields such as blood transfusion, organ transplantation and forensic

identification. Traditional blood typing methods are usually time-consuming, operationally complex,

and reliant on large-scale laboratory equipment, limiting their application in point-of-care testing.

Therefore, the development of a rapid and portable blood typing method is of great significance for

clinical diagnosis and emergency medical care. In this work, we develop a novel dual-channel

carbohydrate-based graphene field-effect transistor (C-GFET) sensing system to achieve rapid ABO

blood typing. By functionalizing the graphene surface with aminated antigen trisaccharides, the

system enables the detection of blood type markers in real serum samples and determines the

blood type based on the detection results. The results demonstrate that the device can specifically

distinguish different blood type samples, offering a promising new strategy for point-of-care blood

typing.

1. Introduction

The blood group system is the collective designation for
specific antigens on the membrane of red blood cells,
among which the ABO blood group system is the earliest
discovered and holds great significance.1 Accurate and
rapid blood typing plays an irreplaceable role in
preventing hemolytic transfusion reaction, guiding organ
transplant compatibility and facilitating forensic individual
identification. Traditional blood typing methods, such as
the slide agglutination test and column agglutination
technique, are usually time-consuming, operationally
complex, and reliant on large-scale laboratory equipment,
limiting their application in point-of-care testing (POCT).2

Consequently, the development of novel, rapid, portable,
and low-cost blood typing technologies has remained a
focal point of research.

In recent years, biosensor technology has demonstrated
great application potential in clinical diagnosis,
environmental monitoring and food safety due to its
advantages of high sensitivity, high specificity, rapid
response, and ease of miniaturization.3–6 In blood type
detection, researchers have attempted to construct blood type
sensors by Electrochemical technology,7–12 quartz crystal
microbalance (QCM)13 and surface plasmon resonance
(SPR).14,15 However, these methods still face challenges in

practical applications, including the cumbersome probe
modification process of electrochemical methods; the lack of
specificity in the QCM method; and the susceptibility of the
SPR method to environmental interference.16

To enhance the performance of the sensors, various
nanomaterials such as graphene,17–20 carbon nanotubes,21,22

metal nanoparticles and quantum dots23,24 have been widely
employed as sensitive elements, as their large specific surface
area,25 high electron mobility,26 and ease of surface
functionalization endow the sensors with high sensitivity and
low detection limits.27

By immobilizing probes on the surface of sensitive
materials such as graphene, the sensors can acquire specific
recognition capabilities. Upon specific binding with the
target, the spatial conformation of the probe changes, and
the sensing system transduces this change into an observable
electrical signal,3,28,29 thereby achieving target detection.
Therefore, a highly sensitive and selective blood typing
sensing system can be constructed by this method.
Furthermore, portable blood type testing devices are
particularly important for enabling rapid point-of-care blood
typing.30

The key factor for differentiating different blood types lies
in detecting whether anti-A and anti-B antibodies exist in the
serum. (Fig. 1a).31,32 Serum from type A blood contains only
B antibodies, type B serum contains only A antibodies, type
AB serum contains neither,33 and type O serum contains
both34 (Fig. 1b). Based on this characteristic, this study
develop a dual-channel carbohydrate-based graphene field-
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effect transistor (C-GFET) sensing device that enables the
simultaneous detection of two blood group-related targets (A
antibodies and B antibodies) in serum by modifying A
antigen trisaccharides and B antigen trisaccharides on
graphene channel (Fig. 1c–e). In this study, the GFET
structure is optimized by eliminating the bulky and expensive
external reference electrode, enabling the integration of GFET
arrays on a silicon substrate. Through the photolithography
and metal thermal evaporation deposition systems, large-
scale production of GFETs can be achieved, significantly
reducing the cost per test. Additionally, we design a
corresponding portable signal readout device, establishing
the key technological foundation for transitioning from
laboratory research to large-scale manufacturing. This system
achieves the simultaneous detection of multiple targets and
the determination and output of multiple results, thereby
promoting the development of integrated bio-sensing
technology and its clinical application.

2. Methods

The graphene surface is functionalized via π–π stacking
interactions using 1-pyrenebutanoic acid succinimidyl ester
(PASE). The pyrenyl moiety of PASE spontaneously adsorbs
onto the graphene lattice, while its N-hydroxysuccinimide
(NHS) ester group provides a reactive handle for
biomolecular conjugation. Blood group-specific antigen
trisaccharides (A/B types) are chemically engineered with
terminal amino groups. These amines undergo nucleophilic
addition to the PASE-NHS ester, forming stable amide bonds.
This covalent linkage orients the antigen's glycan epitopes
outward, preserving their recognition capability against serum

antibodies. Immobilized antigens introduce n-type doping to
graphene, evidenced by a negative shift in the Dirac point
voltage (VDirac). This arises from the intrinsic negative charge
of glycosylated structures, which electrostatically gates the
graphene channel via field-effect coupling.

2.1. Materials

Antibody HE-193 (anti-blood group A antigen antibody),
antibody HEB-29 (anti-blood group B antigen antibody) were
purchased from Abcam. Aminated blood group A antigen
trisaccharide, aminated blood group B antigen trisaccharide
was purchased from Dextra.

2.2. Fabrication of the graphene field-effect transistor

Photoresist LOR 3A was spin-coated onto a silicon wafer (1
min, 3500 rpm). The coated wafer was heated at 175 °C for
300 s, cooled, and then spin-coated with photoresist AZ 1512
(1 min, 4000 rpm), followed by heating at 110 °C for 120 s.
The wafer was exposed using a mask aligner (60 W m−2, 3.4
s), developed for 35 s, rinsed with water, and dried with
nitrogen. Chromium (20 nm) and gold (40 nm) were
sequentially deposited using an evaporator. The wafer was
then immersed in Remover PG for 8 hours to strip the
photoresist. Fig. S1a) illustrated the preparation process of
gold electrodes.

Graphene grown on copper foil was cut into 5 × 5 mm2

pieces and floated on APS (4%) solution for 3 h to etch the
copper. The graphene was transferred to deionized water for
1200 s, then onto gold electrodes, and left in a vacuum
chamber for 5 h. After heating at 180 °C for 1 h, the sample
was immersed in acetone for 3–4 h to remove polymethyl

Fig. 1 a) Types of antibodies contained in ABO blood type blood. b) C-GFETs modified with aminated A antigen trisaccharides and aminated B
antigen trisaccharides to simultaneously detect antibody types. c) Display of the handheld device. d) Physical appearance and composition of the
C-GFET. e) Block diagram of the device control system.
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methacrylate (PMMA), rinsed with isopropanol and deionized
water, and dried with nitrogen. Fig. S1b) illustrated the
PMMA-mediated graphene transfer method.

2.3. Graphene Channel functionalization

PASE was dissolved in DMF to prepare a 5 mM solution. The
GFET was immersed in PASE solution for 3 h, rinsed with
DMF for 15 min, and then washed with ethanol and
deionized water before drying with nitrogen. The graphene
field-effect transistor was then incubated in 10 μM aminated

A or B antigen trisaccharide solution (in PBS) for 12 h, rinsed
with phosphate buffer, and dried with nitrogen.

2.4. Portable electronic device circuit design

The chips TPS62913, AMS1117-3 V3, AMS1117-1 V8, and
REF5025 were selected to provide the required voltages for
different parts of the portable electronic device. The main
MCU was STM32F429IGT6, the operational amplifier was
LT1462ACS8, the D/A module used DAC8831, the A/D data
acquisition used ADS1274, and the FT232R chip was used to
convert UART signals from the device MCU into USB signals

Fig. 2 Antigen–antibody binding process and characterization of graphene before and after functionalization. a) A antigen trisaccharide
immobilized on the graphene surface and free antibody HE-193 in solution. b) A antigen trisaccharide on the graphene surface captures antibody
HE-193 and forms a stable structure. c) Raman spectra of graphene before and after PASE modification. d) Transfer characteristics of graphene
before PASE modification (untreated), after PASE modification and after aminated antigen trisaccharide modification. e) AFM and EDS
characterization of graphene before antigen modification. f) AFM and EDS characterization of graphene after antigen modification.
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for transmission to the host computer. The touch display
module used a capacitive touchscreen, model G917S.

2.5. Real serum sample collection

All experiments using human serum samples were performed
in accordance with the Ethical Guidelines for Biomedical
Research Involving Human Subjects of the People's Republic
of China, and approved by the Ethics Committee of Shanghai
Technical Institute of Electronics and Information. Informed
consents were obtained from human participants of this
study. The process for obtaining serum samples in this study
is as follows: the test subject's fingers are disinfected using
an alcohol swab, and then the finger is pricked with a blood
collection needle. Pressure is applied to the pricked area to
extract blood, and 4–5 μL of blood is collected using a
micropipette. The blood sample is then transferred to a pre-
prepared tube containing 200 μL of PBS and thoroughly
shaken to ensure uniform mixing. The mixture is
subsequently placed in an environment at 3–5 °C for 30
minutes until the diluted blood separates into layers. The
supernatant is then collected using a micropipette,
transferred to another tube, and stored at low temperature
for subsequent use. The process for obtaining real serum
samples was shown in Fig. S2.

3. Results and discussion
3.1. Characterization

The detection mechanism takes advantage of the specific
antigen–antibody recognition inherent to the ABO blood
group and is converted into a quantifiable electronic signal
by graphene field effect modulation. Firstly, PASE is
immobilized on the surface of graphene by π–π stacking
interactions. Secondly, the antigen trisaccharides
functionalized with amino groups are condensed and
immobilized on the surface of graphene by amidation
reaction, so as to complete the functionalization of graphene.
Here, the binding process of antigen trisaccharide fixed on
graphene and antibody HE-193 is used as an example to
introduce the principle of achieving blood group
discrimination. As shown in Fig. 2a, initially, the antibody
HE-193 was in a free state, while the A antigen trisaccharide
was fixed on the graphene surface by PASE. Further, as
shown in Fig. 2b, when the A antigen trisaccharide captured
the free antibody HE-193, the two would undergo a specific
antigen–antibody binding, quickly curling into a stable and
compact structure. This specific binding process would bring
the target molecule closer to the graphene surface,
shortening the distance between the target molecule and the
graphene surface to a few nm. The negatively charged
antibody complex (with a physiological pH value of pH ∼5–7)
will, in order to maintain the electrical field balance, induce
opposite charges to the antibody complex under the contact
surface of the graphene and the solution, and the positive
charges on the other side of the solid–liquid contact surface
will also undergo an equal change at the corresponding

position. This causes an equal increase in the number of
freely mobile electrons within the graphene due to the charge
conservation within the graphene, thereby changing the
Dirac point voltage position of the graphene. We set two
parallel groups of sensing devices modified with A and B
antigens respectively, and used these two parallel sensing
devices for simultaneous detection. Since each device was
only modified with one antigen, different blood types would
result in different Dirac point movements. By comparing the
changes in the Dirac point movement of the two sensing
devices, we can achieve the differentiation of A, B, AB, and O
blood types.

To verify the successful modification of PASE on the
graphene surface, Raman spectra of the graphene surface
before and after PASE modification were measured. The
results are shown in Fig. 2c: The selected diffraction range
was 1200–3000 cm−1. Before PASE modification, two distinct
peaks were observed at approximately 1596 cm−1 and 2695
cm−1, corresponding to the G and 2D peaks of graphene.
Since intrinsic graphene is a zero-bandgap semiconductor,
PASE modification affects it by opening the bandgap. The D
peak is related to defects during Raman diffraction, and its
intensity can serve as an indicator of successful PASE
modification. A significant change in the intensity of the D
peak at 1224 cm−1 before and after PASE modification
confirmed the successful modification of PASE on the
graphene surface.

Additionally, we measured the transfer characteristic
curves of the GFET before PASE modification, after PASE
modification, and after aminated antigen trisaccharide
modification. The results (Fig. 2d) showed that after PASE
modification, the transfer curve exhibited a significant right
shift, with the Dirac point (the lowest point of the curve)
gate voltage VDirac increasing by 81 mV. This indicated that
PASE modification reduced the number of electrons in
graphene, introducing p-type doping. After antigen
modification, the transfer curve shifted left, and the Dirac
point gate voltage decreased by 21 mV, indicating the
introduction of n-type doping due to electron donation.
This can be explained by the fact that while the pyrene
structure acts as an electron donor, the
N-hydroxysuccinimide group attached to it is an electron
acceptor with stronger electron-attracting ability. Thus,
when in contact with the graphene surface, the result was
a reduction in the number of mobile electrons in graphene.
On the other hand, aminated antigen trisaccharides are
typically negatively charged in solution. When connected to
PASE and brought close to graphene, their negative charges
introduced n-type doping into graphene through
electrostatic induction. These changes in electrical signals
confirmed the successful modification of PASE and
aminated antigen trisaccharides. Furthermore, AFM and
EDS analyses revealed that after the graphene was modified
with the antigen (Fig. 2e and f), the average height
increased from 0.5 nm to 3.4 nm, and nitrogen elements
appeared on the surface. These changes in electrical signals
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confirmed the successful modification of PASE and
aminated antigen trisaccharides.

3.2. Blood type detection

To verify the ability of the antigens modified on the graphene
surface to recognize antibodies in the detection environment,
anti-A antibody and anti-A antibody were diluted 20-fold with
1× PBS to simulate the antibody environment in real human
serum. Aminated A antigen trisaccharides and aminated B
antigen trisaccharides were modified onto the graphene
surface. Then, 20 μL of the diluted anti-A solution was added
dropwise to both the C-GFETs (aminated A antigen
trisaccharide) and unmodified GFETs, 20 μL of the diluted
anti-B solution was added dropwise to both the C-GFETs
(aminated B antigen trisaccharide) and unmodified GFETs.
After 8 min of stabilization, the transfer characteristic curves
of graphene were measured. The results are shown in Fig. 3a.
The VDirac of the transfer curve for the C-GFET modified with
aminated A antigen trisaccharides shifted by 25 mV, while

the unmodified GFET shifted by only 4 mV. The VDirac of the
transfer curve for the C-GFET modified with aminated B
antigen trisaccharides shifted by 31 mV, while the
unmodified GFET shifted by only 5 mV. This proved that the
C-GFET could recognize human blood group antibodies.

The statistical results obtained from the test in the PBS
environment are presented in Fig. 3b. Test group 1 was a PBS
solution containing anti-A antibodies, simulating type B
serum. When the test solution containing anti-A antibodies
was added dropwise to both the aminated A antigen
trisaccharide-modified and aminated B antigen trisaccharide-
modified C-GFETs, the former exhibited a larger Dirac point
shift. By comparing the changes in Dirac point gate voltage
between the two sensing devices, type B blood could be
clearly distinguished. Similarly, test group 2 was a PBS
solution containing anti-B antibodies, simulating type A
serum. The aminated B antigen trisaccharide-modified
C-GFET exhibited a larger Dirac point gate voltage change for
this test solution. The above experimental results
demonstrated that a device group composed of C-GFETs

Fig. 3 a) Modified blood group antigen trisaccharide and unmodified graphene sensor transfer characteristic curve; b) Dirac voltage of the
C-GFET in simulated serum B (group 1) and simulated serum A (group 2); c) specificity validation of C-GFET for real serum detection; d) ratio of
ΔVDiracB (B-antigen trisaccharide-modified C-GFET) to ΔV (A-antigen trisaccharide-modified C-GFET) across experimental groups.
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modified with A and B antigen trisaccharides could
successfully identify simulated type A and B sera. To
characterize device variability and stability, we measured the
temporal evolution of the Dirac point voltage shift for
different C-GFETs in PBS, as detailed in Fig. S3. The results
indicate that after 1, 3, 7, and 14 days, the Dirac point voltage
shifts of the tested devices remained consistently near zero,
demonstrating excellent device stability and minimal device-
to-device variation.

Subsequently, we tested four types of real serum samples
(A, B, AB, O) using a device group consisting of two C-GFETs
modified with A and B antigen trisaccharides. The results are
shown in Fig. 3c: For type A serum, which contains only anti-
B antibodies, the average Dirac point gate voltage shift for
the B antigen trisaccharide-modified C-GFET was 28 mV,
greater than the 12 mV for the A antigen trisaccharide-
modified C-GFET. Similarly, for type B serum, which contains
only anti-A antibodies, the A antigen trisaccharide-modified
C-GFET exhibited a larger average Dirac point gate voltage
shift of 30.67 mV, compared to only 12.75 mV for the B
antigen trisaccharide-modified C-GFET. For type O serum,
which contains both anti-A and anti-B antibodies, both
C-GFETs responded, with average Dirac point gate voltage
shifts of 23.5 mV and 22.5 mV, respectively. For type AB
serum, which contains neither antibody, the Dirac point gate
voltage shifts for both C-GFETs were small, at 11.67 mV and
12.33 mV, respectively. The experimental results
demonstrated that the C-GFETs prepared in this paper could
distinguish the ABO blood types of real sera. To further

validate the detection specificity of the sensing device, we
selected other biomarkers present in serum—including
C-reactive protein (CRP), immunoglobulin (IgG), interleukin-
6 (IL-6), and interferon γ (IFN-γ)—as targets. We measured
the signal responses of both the A antigen trisaccharide-
modified sensing device (Fig. S4) and the B antigen
trisaccharide-modified sensing device (Fig. S5) to these
biomolecules in PBS buffer. The results presented in the
revised SI, confirm that the proposed sensing device exhibits
excellent detection specificity.

The blood type determination criteria are established by
integrating the detection results from the two channels
functionalized with A and B antigens, respectively. For AB-
type serum, which contains neither A nor B antibodies, the
distinguishing feature from other blood types is the
relatively weak detection signals obtained from both
channels. The sum of the maximum signals from the two
channels served as the criterion for differentiating AB-type
serum from other types, with a threshold signal of 29 mV
(calculated as the sum of the mean values and standard
deviations of the two channel signals). Specifically, a sum of
the two-channel detection signals below 29 mV indicates AB
blood type, while values exceeding this threshold require
further differentiation. As illustrated in Fig. 3d, the ratio
ΔVDiracB/ΔVDiracA can be used to distinguish between A, B,
and O blood types. The lower deviation limit of the
detection results for A-type serum (ΔVDiracB/ΔVDiracA = 1.6)
was established as the boundary between A and O blood
types, while the upper deviation limit for B-type serum

Fig. 4 a) C-GFET device step gate voltage (−500 mV∼+500 mV) measurement value; b) comparison of portable device and source meter
measurement data for the same GFET transfer characteristic curve.
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Fig. 5 a) The specific detection steps of C-GFETs for real human blood. b) Illustration of blood type A determination result; c) illustration of blood
type B determination result; d) illustration of blood type O determination result; e) illustration of blood type AB determination result.
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(ΔVDiracB/ΔVDiracA = 0.6) served as the boundary between O and
AB blood types. Therefore, the criteria for determining blood
types are as follows: For a given blood type detection result, if
ΔVDiracB + ΔVDiracA < 29 mV, the blood type can be identified
as AB. If ΔVDiracB + ΔVDiracA ≥ 29 mV and ΔVDiracB/ΔVDiracA >

1.6 (using the upper limit of the standard deviation), the
blood type can be identified as A. If ΔVDiracB + ΔVDiracA ≥ 29
mV and ΔVDiracB/ΔVDiracA < 0.6 (using the lower limit of the
standard deviation), the blood type can be identified as B. If
ΔVDiracB + ΔVDiracA ≥ 29 mV and 0.6 ≤ ΔVDiracB/ΔVDiracA ≤ 1.6,
the blood type can be identified as O.

3.3. Portable electronic device for ABO blood type detection

To verify whether the portable electronic device could achieve
stable voltage output and data acquisition, this paper used a
high precise source meter to measure the stepped gate
voltage output by the portable device. The device output
stepped gate voltages from −500 mV to +500 mV (step size: 10
mV), and the voltage values collected by the source meter
and the device itself were plotted for comparison. The results
are shown in Fig. 4a. Linear fitting of the gate voltages
collected by both devices showed R2 = 0.9999 for the source
meter and R2 = 1 for the handheld device. The close values
indicated that the stepped gate voltage output by the
handheld device met the requirements. Additionally, the
transfer characteristic curves of the same C-GFET were
measured using both the source meter and the electronic
device. The results are shown in Fig. 4b.

Finally, the portable electronic device was used to test four
types of sera: A, B, AB, and O. The detection process for each
blood type consisted of two parts. First, the device's signal
response to PBS was measured, and then PBS was replaced
with serum for the second measurement. The blood type was
determined by comparing the shifts in Dirac point gate
voltage between the two measurements.

Fig. 5a shows the structure of the dual-channel C-GFET
detection device. And the circuit design is detailed in the SI
(Fig. S6). Fig. 5b shows the device's detection results for type
A serum. In PBS, the Dirac point gate voltage for channel 1
was VDirac11 = 21.539 mV, and for channel 2, it was VDirac21 =
44.506 mV. After adding serum, the Dirac point values were
VDirac12 = −18.513 mV for channel 1 and VDirac22 = 38.577 mV
for channel 2. The shifts in Dirac point gate voltage were
ΔVDirac1 = VDirac11 − VDirac12 = 40.502 mV for channel 1 and
ΔVDirac2 = VDirac21 − VDirac22 = 5.929 mV for channel 2. Since
ΔVDirac1 + ΔVDirac2 = 46.431 mV > 29 mV, the blood type was
not AB. Further, ΔVDirac1/ΔVDirac2 = 6.8 > 1.6, so the blood
type was identified as A.

Fig. 5c shows the device's detection results for type B
serum. ΔVDirac1 = VDirac11 − VDirac12 = 90.505 – 84.560 = 5.945
mV, ΔVDirac2 = VDirac21 − VDirac22 = 21.479 − (−12.482) = 33.961
mV. Since ΔVDirac1 + ΔVDirac2 = 33.906 mV > 29 mV, the blood
type was not AB. Further, ΔVDirac1/ΔVDirac2 = 0.17 < 0.6, so the
blood type was identified as B. Fig. 5d shows the device's
detection results for type O serum. ΔVDirac1 = VDirac11 − VDirac12

= 38.529 – 4.487 = 34.042 mV, ΔVDirac2 = VDirac21 − VDirac22 =
170.608 − (−148.541) = 22.067 mV. Since ΔVDirac1 + ΔVDirac2 =
56.109 mV > 29 mV, the blood type was not AB. Further, 0.6
< ΔVDirac1/ΔVDirac2 = 1.54 < 1.6, so the blood type was
identified as O. Fig. 5e shows the device's detection results
for type AB serum. ΔVDirac1 = VDirac11 − VDirac12 = 165.594 −
(−157.585) = 8.009 mV, ΔVDirac2 = VDirac21 − VDirac22 = 127.541
− (−120.531) = 7.01 mV. Since ΔVDirac1 + ΔVDirac2 = 15.019 mV
< 29 mV, the blood type was identified as AB.

4. Conclusions

This paper developed a C-GFET sensing device capable of
identifying ABO blood types in real blood samples and
developed a portable electronic device to enable routine ABO
blood type detection in conjunction with the C-GFET sensing
module. The experimental results showed that the sensing
system of portable electronic device could specifically and
sensitively identify the four common blood types (A, B, AB,
O), with the entire detection process completed within 20
minutes. Compared to traditional blood typing methods, the
novel sensing system developed in this paper offers
advantages such as speed, simplicity, low cost, and ease of
portability, holding broad application prospects in clinical
point-of-care diagnosis, emergency medicine, rural healthcare
services, and personalized medicine.
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