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ABSTRACT: Antibiotics are powerful tools to treat bacterial infections, but antibiotic pollution is becoming a severe threat to the
effective treatment of human bacterial infections. The detection of antibiotics in water has been a crucial research area for bioassays
in recent years. There is still an urgent need for a simple ultrasensitive detection approach to achieve accurate antibiotic detection at
low concentrations. Herein, a field-effect transistor (FET)-based biosensor was developed using ultraclean graphene and an aptamer
for ultrasensitive tetracycline detection. Using a newly designed camphor—rosin clean transfer (CRCT) scheme to prepare ultraclean
graphene, the carrier mobility of the FET is found to be improved by more than 10 times compared with the FET prepared by the
conventional PMMA transfer (CPT) method. Based on the FET, aptamer-functionalized transistor antibiotic biosensors were
constructed and characterized. A dynamic detection range of 5 orders of magnitude, a sensitivity of 21.7 mV/decade, and a low
detection limit of 100 fM are achieved for the CRCT-FET biosensors with good stability, which are much improved compared with
the biosensor prepared by the CPT method. The antibiotic sensing and sensing performance enhancement mechanisms for the
CRCT-FET biosensor were studied and analyzed based on experimental results and a biosensing model. Finally, the CRCT-FET
biosensor was verified by detecting antibiotics in actual samples obtained from the entrances of Bohai Bay.

B INTRODUCTION

troscopy.” These methods rely on professional equipment and

Antibiotics have made remarkable contributions to medical
health and food safety because of their effectiveness in
inhibiting the growth of pathogens.'~* However, the ensuing
problem of antibiotic abuse has caused severe environmental
pollution, especially in aquatic environments with excessive
antibiotic levels. Antibiotic levels in water are of great concern
because they are directly related to people’s health, and the
accurate detection of antibiotics in the water environment has
become a key research area. Tobramycin in the antibiotic
family has been successfully detected.” The widespread use of
tetracycline has elevated its detection needs. The traditional
methods used for the detection of antibiotics in water mainly
include liquid chromatography—mass spectrometry,’ liquid
chromatography-ultraviolet detection (HPLC/UV),” liquid
chromatography-fluorescence (HPLC/FD),* and Raman spec-
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technicians and require complex pretreatment. In recent years,
biochemical sensors based on fluorescence,™’ colorimetry,11
transistors,'” and electrochemistry'® have achieved fruitful
results for biological detection and have been widely developed
for antibiotic detection. Among these approaches, field-effect
transistor (FET)-based biosensors provide a reliable, environ-

mentally friendly, sensitive, reliable, simple, and convenient
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Figure 1. Schematic diagram of (a) graphene field-effect transistor construction and (b) the fabrication process for the biosensor.

detection platform and are expected to become a new sensing
platform."”

Graphene has been widely used for sensing due to its
excellent electrical properties.' *~'® Graphene can be prepared
by methods such as direct growth on the target base and
transfer to the target substrate. Due to factors such as
preparation cost and difficulty, researchers most often use the
transfer of copper-based monolayer graphene to the target
substrate, but this method is prone to introduce impurities,
defects, and other problems during the transfer process that
can affect the graphene performance.'’

There have been many conventional PMMA transfer
(CPT)-based graphene studies that have achieved fruitful
results.'®'® However, these devices suffer from issues such as
large polymer particle residues and more severe doping,”’
resulting in device performance degradation, which makes it a
challenge to develop high-performance biosensors. Through
the design of transfer methods assisted by easily removable
materials (such as rosin and wax), researchers have obtained
high-quality graphene with fewer defects, exhibiting lower
resistivity and higher carrier mobility.”** Here, we used a
novel camphor—rosin double layer-assisted clean transfer
(CRCT) method to obtain high-quality graphene and
performance-enhanced field-effect transistors with a more
than 6-fold improvement in carrier mobility, which provides
a reliable platform for building highly sensitive biosensors.

The core steps in constructing FET biosensors are surface
functionalization, probe design, and immobilization.”® For the
study of GFET biosensors, we have reported high-performance
biosensors by surface functionalization with PLL and GO for
antibody and nucleic acid detection."®'® In our previous works,
we successfully developed biosensors based on either CPT-
based graphene FETs or laser-induced graphene FETs for
SARS-CoV-2 protein detection using antibodies and RNA
detection using complementary single-stranded DNA
probes.'®'*** Aptamers are short nucleic acid stretches with
a specific three-dimensional structure that can be developed
with high aflinity and specificity to form complexes through
interaction with the desired targets (such as DNA, RNA,
proteins, and antibiotics)** and are perfect for use as sensing

probes. FET biosensors using aptamer modification have made
positive progress recently with works on divalent cation,”®
phenylalanine,”” and avian influenza virus.”® Aptamer-based
GFET biosensors have also been successfully developed for
highly sensitive biosensing on geosmin,29 thrombin,*® and
other substances, providing an empirical basis for aptamer-
based sensing. Extensive sensing work has shown that aptamers
are excellent sensing probes and exhibit great sensing potential
for small molecules such as antibiotics.”® A rGO-FET
biosensor modified by an aptamer was reported for tobramycin
detection.” A MoS, FET with an aptamer probe was also
developed for kanamycin detection.'” Although progress has
been made, a high-performance sensing platform still needs to
be developed for ultrasensitive antibiotic detection.

Here, a high-performance aptamer-functionalized graphene
FET biosensor was used to construct a novel camphor—rosin
clean transfer (CRCT) scheme for ultrasensitive antibiotic
detection. The performance of the camphor—rosin clean
transferred graphene FET (CRCT-FET) and the CRCT-FET
antibiotic biosensor were studied and compared with that of
conventional PMMA-assisted transferred (CPT) graphene
FET (CPT-FET) and CPT-FET biosensors, respectively,
which show an improved performance. The enhancement
mechanism for the CRCT-FET devices is discussed. Finally,
actual sample tests were conducted to analyze the sensing
fluctuation factors in complex environments to verify the
functional capability and reliability of the CRCT-FET
biosensor for applications.

B EXPERIMENTAL SECTION

Graphene Transistor and Biosensor Fabrication. The
fabrication flows for the FET and biosensor are shown in
Figures la,b and SI. Detailed information can be found in the
Supporting information. As shown in Figure la, the CRCT-
FET performs much better than the CPT-FET. The Vpy,,. for
the biosensors shifts to the left when antibiotics are present in
the solution (red line in Figure 1b). Otherwise, the Dirac point
remains in the same position (green line in Figure 1b).
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Figure 2. Optical images and Raman spectra for (a) CPT graphene and (d) CRCT graphene; SEM images of (b) CPT graphene and (e) CRCT
graphene; Raman mapping images of (c) CPT graphene and (f) CRCT graphene. Output curves (g), transfer curves (h), and stability (i) for the
CRCT-FET and CPT-FET (error bars indicate relative standard deviations obtained from three tests).

B RESULTS AND DISCUSSION

Characterization of Graphene and GFETs. The optical
and SEM images show the PMMA residues on CPT graphene
(the bright dots in Figure 2ab). In contrary, no apparent
residues are observed on the CRCT graphene (Figure 2d,e).
The AFM image of CRCT graphene (Figure S2a) further
confirms the above results, which presents a CRCT graphene
RMS surface roughness of 0.51 nm. The Raman spectra
(Figure 2a,d) indicate that CRCT graphene exhibits a higher
number of monolayers than CPT graphene since the ratio
(4.58) of the two-dimensional (2D) peak to the G peak for
CRCT graphene is higher than that of 3.3 for CPT graphene.*
The Raman mapping images also further prove the quality of
the CPT and CRCT graphene, as shown in Figure 2¢,f, which
exhibits the defective Raman mapping image (black dots) for
CPT graphene and uniform clear Raman mapping image for
CRCT graphene.

To evaluate the electrical characteristics of the constructed
GFETs, we measured the output and transfer curves for
CRCT-FET and CPT-FET presented in Figure 2gh. It can be
observed that Iy, and Vy, are linear at constant Vi, (Figure 2g),
and the conductivity of the CRCT-FET is more than 10 times
higher than that of the CPT-FET. The typical bipolar behavior
of GFETs is also observed in the transfer curves (Figure 2h) 2
According to the equation for graphene carrier mobility of

L dr,,
U= (wcvds>( d‘;gs)'% the py, and u. for the CPT-FET are

calculated to be 215 and 187 cm?/(V's), respectively, and the
ty, and p, for the CRCT-FET are calculated to be 2453 and
2544 cm?/(V's), respectively. The carrier mobility of the
CRCT-FET is more than 10 times higher than that of the
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CPT-FET due to the improvement in the graphene quality
obtained through the CRCT process. It has been reported that
defects such as polymer residues in CPT graphene result in
high contact resistance and low carrier mobility.*® Meanwhile,
the initial V. represents graphene doping. The Vp,, for the
CPT-FET offset is obviously to the right of the zero-point due
to the 7p-type doping introduced during the transfer
process.””** Surprisingly, the Vp,,. for the CRCT-FE is near
the zero-point. We infer that this is attributed to the small
amount of residue doping through the CRCT process. The
stability is another vital evaluation index for FETs, and we
present comparative test results for the CPT-FET and CRCT-
FET in 12H (Figures 2i and S3). It is observed that the Vpy,.
for the CRCT-FET is slightly perturbed between —2 and 2
mV, with a standard deviation of 1.08. In comparison, the
perturbation range for the CPT-FET ranges between —2 and 6
mV, with a standard deviation of 2.47. The results prove the
superior stability of the CRCT-FET. CPT graphene FETs
exhibit Dirac point drift due to scattering, poor ohmic contact,
and other problems because PMMA residues form during the
graphene transfer process, which will become scattering
centers, reducing the mean free path in graphene and
increasing the contact resistance.””

Through the physical characterization and demonstration of
the electrical performance, we can conclude that cleaner and
less defective high-quality graphene can be prepared by the
CRCT process, and high electrical performance graphene field-
effect transistors can be constructed based on CRCT graphene,
which provides a reliable transistor platform for building highly
sensitive biosensors.

Construction and Characterization of the FET
Biosensors. First, PLL was functionalized on the channel

https://doi.org/10.1021/acs.analchem.2c03732
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Figure 3. (a) Raman spectrum and (b) Raman mapping of PLL-functionalized graphene. AFM images of (c) PLL/Gr and (d) aptamer/PLL/Gr.
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Figure 4. (a) Transfer characteristics and (b) AVpy, for CRCT-FET biosensors; (c) time-dependent AVp,. for CRCT-FET biosensors in
different environments; (d) structural schematic of TET; (e) aptamer three-dimensional (3D) structure; (f, g) electrostatic gating mechanism and
sensing mechanism for antibiotic detection through the aptamer and TET interaction. In panels (b, c), the error bars indicate relative standard

deviations obtained from three tests.

area graphene surface of the GFETs to enhance the sensitivity
of the biosensor.'® Characteristic PLL peaks appear in the
Raman spectrum (Figure 3a) after PLL functionalization,
which shows the successful surface modification of graphene
by PLL."® The corresponding mapping image (Figure 3b)
shows the uniform PLL surface modification. Then, the

aptamer was immobilized on PLL through electrostatic
adsorption.'® The AFM images of PLL/Gr and aptamer/
PLL/Gr are presented in Figure 3c,d, respectively. The average
height of the surface is increased from ~0.3 to ~0.6 nm after
aptamer fixation. RMS surface roughness values of 1.14 and
2.38 nm for PLL/Gr and aptamer/PLL/Gr are obtained,
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implying successful aptamer immobilization on PLL/Gr. The
AFM image of Gr and the changes in the average height after
aptamer/PLL modification are presented in Figure S2. These
data show an RMS of 0.51 nm and a step height from SiO, to
the aptamer of ~2.3 nm, confirming the successful
immobilization of Gr and aptamer/PLL on the graphene
surface.

To further prove the successful preparation of the
biosensors, the electrical characteristics were tested for each
build step of the CRCT-FET biosensor, as shown in Figure 4a.
The corresponding AVp.. values were calculated, as shown in
Figure 4b. Due to the induction of n-doped graphene by the
positive charge of PLL, the V. for the CRCT-FET biosensor
is left-shifted by approximately 40 mV with PLL modification,
which shows the same trend as found in our previous study."®
The phosphate backbone of the aptamer is negatively charged
in solution, and the immobilization of the aptamer on the
graphene surface induces graphene p-type doping. The Vi,
for the CRCT-FET biosensor is shifted to the right at ~121
mV. The Vp,,,. for the CRCT-FET biosensor is shifted to the
left at ~115 mV due to graphene n-type doping triggered by
aptamer deformation after 100 nM target TET incubation
hybridization with the aptamer. In contrast, the CPT-FET
biosensor exhibits the same trend but with a smaller Vp;,,. shift
value (Figure S4). Electrical tests for the biosensors confirm
the successful establishment of the biosensor and that the
CRCT method can be used to improve the performance of the
biosensor.

To evaluate the stability of the biosensor, we tested the time-
dependent electrical properties of CRCT-FET biosensors in
PBS, seawater, and lake water. The results are shown in Figures

4c and SS. We can observe that the perturbation range for the
CRCT-FET biosensors ranges between —2 and 2 mV, with a
standard deviation of 0.95 in PBS, between —2 and 3 mV, with
a standard deviation of 1.28 in seawater, and between -3 and 4
mV, with a standard deviation of 1.78 in seawater. The CPT-
FET biosensors deliver large perturbation ranges, as shown in
Figure S6. The results indicate that the CRCT-FET biosensor
shows excellent stability in different environments, which can
provide a reliable basis for tetracycline detection.

Principle for the Detection of Antibiotics by the
Biosensor. To explore the mechanism for sensing the aptamer
in this work, we first tested the nonspecific recognition of TET
by bare graphene (Figure S7), where Vi, is slightly shifted
due to the 7—r interaction between graphene and TET. TET
molecules are positively charged due to the hydrolysis effect of
amino groups (—NH, + H,0 = —NH} + OH"), as shown in
Figure 4d, which leads to a reduction of the hole density in the
graphene surface and a left shift of the Vp,. After aptamer
(Figure 4e) functionalization, the sensing signal strength and
stability are both dramatically improved through a chan§e in
spatial conformation to achieve specific capture of TET.” As
reported the aptamer binding to its target is a highly specific
interaction.*” The aptamer can specifically bind to its targets
with high affinity." Therefore, there could not be any
difference in the binding properties of the original aptamer
and the 3D aptamer.

The Debye shielding theory can be used to explain the
electrostatic interaction of charged ions in a solution with
other ions. The farthest effective distance is defined as the
Debye length.”” According to previous studies,*** the Debye
length in 1X PBS is ~0.8 nm, and PLL surface modification
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Figure 6. (a) TET concentration-dependent AVy,,. . displacement and fitted linear equations of the CRCT-FET biosensor for TET detection in
seawater and lake water. (b) AVp,,... of the CRCT-FET biosensors for the spiked samples in lake water and seawater. (c) Comparison of the TET
detection results between the CRCT-FET biosensor and mass spectrometry for the actual samples obtained from the entrances in Bohai Bay. In
panels (a—c), the error bars indicate relative standard deviations obtained from three tests.

and aptamer fixation do not affect the Debye length. Figures
4f,g and 3d show that the single-stand aptamer is immobilized
on PLL/Gr and lies in the Debye length domain since the
single base of the nucleic acid is ~0.6 nm (Figure 4f). After the
TET reaction with the aptamer, the aptamer forms the 3D
structure aptamer with an overall height of 7.8 nm (Figure 4g).
Most of the 3D structure aptamer moves out of the Debye
length domain, leading to a reduction in the hole density in the
graphene channel, resulting in a change in the graphene doping
level. The electrostatic gating mechanism explains the shift in
the Vpy,.. The reduction in the hole density induces a leftward
shift for V.. (n-doping).4 Therefore, the biosensor shows a
Vbirac shift. To further verify the sensing principle, we fixed the
preannealed aptamer on the channel surface, where the
aptamer formed a secondary structure on the CRCT-FET
before interaction with the TET. As shown in Figure S8, a
weak and unstable sensing signal appears after the TET
reaction with the aptamer, which indicates that the TET will
not induce a stable sensing signal. The main reason for this is
that the interaction position between TET and the 3D-
structured aptamer exceeds the Debye length domain (Figures
4g and S9).

To further confirm the sensing mechanism, we replaced the
1X PBS buffer solution with 0.1X PBS, which elevated the
Debye length to 8 nm for comparison experiments (Figures
$10 and S11). When the Debye length is increased to 8 nm in
0.1X PBS, the sensing signal of the sensor is reduced to 1/5 of
that in 1X PBS. It can be predicted that the sensing signal
mainly originates from the TET in 0.1X PBS, and the
deformation of the aptamer no longer contributes to the
sensing signal, resulting in weak sensing signals, which further
proves the aptamer-based antibiotic sensing mechanism.

Therefore, it can be concluded that the primary sensing
mechanism for TET detection using the aptamer/PL/
graphene biosensor is that the change in the aptamer structure
induces an electrostatic gating effect due to the TET and
aptamer interaction.

Performance of the CRCT-FET and CPT-FET Bio-
sensors. To demonstrate the sensitivity of the biosensors,
we tested the antibiotic samples with different concentrations
in the range of 10 pM to 100 nM. The results are shown in
Figure Sa—c. We can observe that Vp,,. gradually shifts to the
left with increasing TET concentration (Figure Sab). The
sensitivity of the CRCT-FET biosensor reaches up to 21.7
mV/decade, with a correlation coefficient R* = 0.99 (Figure Sc

(red line)). In contrast, the sensitivity of the CPT-FET
biosensor is only 8.8 mV/decade, with R? = 098 (Figure Sc
(black line)). The sensitivity of the biosensor through the
CRCT method is improved 2.47 times. The detection limits
are important sensing metrics, as shown in Figures Sc and S14.
The upper detection limit is 100 nM, according to the standard
detection limit equation of LOD = 3§,,/S.* The lower
detection limit for the CPT-FET biosensor is calculated to be
10717 M, while the detection limit of the CRCT-FET
biosensor reaches 1071296 M.

To verify the specificity of the biosensor, we tested four 100
pM antibiotic samples associated with tetracycline (strepto-
mycin (STR), ciprofloxacin (CIP), kanamycin (KAN), and
tobramycin (TOB). The tested results are shown in Figure
Sd,e. For nontarget antibiotic samples, the AVp,.. values for
the CRCT-FET biosensor are all less than S mV. For the target
antibiotic TET, the AVp,,. is greater than 30 mV, which gives
a difference of more than 5 times. The results indicate that the
CRCT-FET biosensors have a reasonable specificity for the
target TET.

We also repeated the experiment several times to evaluate
the reproducibility of the biosensors. The sensitivity data for
the six groups of CPT-FET and CRCT-FET biosensors are
presented in Figures 5f and S12 and S13. The mean sensitivity
of the CRCT-FET biosensor is 19.4 mV/decade, with a
standard deviation of 1.78 mV/decade, and the mean
sensitivity of the CPT-FET biosensor is only 8.5 mV/decade,
with a standard deviation of 2.5 mV/decade, which is
consistent with the results shown in Figure Sc. All of the
results, including the sensitivity, specificity, and reproducibility
of the CRCT-FET biosensor, prove that improved sensing
performance can be achieved using the CRCT graphene-
constructed FET biosensor.

To investigate the reasons behind the improved perform-
ance of the CRCT-FET biosensor, we explore the influencing
factors for the V.. displacement based on EDL theory. The

displacement equation for the Dirac point of graphene is given
elAn

as follows: " **"AV,, = <. % H, N, where Cy is the total
T
gate capacitance, An is the graphene carrier density variation, p
is the graphene carrier mobility, and N is the number of target
molecules on the graphene surface. Therefore, the two
parameters of mobility ¢ and target number N affect the
Dirac point shift according to the above equation. As shown in
Figure 2, the CRCT-FET has a much higher carrier mobility
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due to the CRCT clean graphene compared to CPT-FET.
Therefore, the CRCT-FET biosensors will produce a more
significant shift for the same electrical signal, improving the
biosensor’s sensitivity. In addition, the number of target
molecules on the graphene surface is also characterized by the
AFM technique.” It can be observed that the CRCT-FET
biosensors have a higher target molecule density on the
graphene surface compared to the CPT-FET biosensors shown
in Figure S15 due to the fewer number of defects in the CRCT
graphene surface, which will be another important factor for
enhancing the sensitivity of the CRCT-FET biosensor. Based
on the above analysis, we attribute the improvement in the
performance of the CRCT-FET biosensor to the clean
graphene obtained by the CRCT process.

Detection of Spiked TET and Actual Samples from
the Entrances of Bohai Bay. The detection of actual
antibiotic samples has practical applications for environmental
protection and water quality inspection. The difficulty in the
detection of actual samples compared to standard antibiotic
solutions lies in their complex ionic environment. To realize
the quantitative detection of actual samples, analyze the
influencing factors, and summarize the general methods to
enhance the sensing level in a targeted manner, we performed a
test of the simulated TET samples in the actual environment.
Figures 6a and S16 show the transfer curves obtained for the
CRCT-FET biosensors in a seawater environment for different
concentrations of antibiotics (TET).

The sensitivity of the CRCT-FET biosensor in seawater is
16.0 mV/decade (R* = 0.99) (red line), which decreases to
11.7 mV/decade (R* = 0.98) in lake water (black line). To
clarify the sensitivity difference in lake water and seawater, the
resistivities of the lake water and seawater were measured. The
resistivity of the lake water is ~1097 -cm, which is much
higher than the seawater resistivity of 24.56 Q-cm. The
abundant ionic environment in seawater enhances conductiv-
ity. At the same time, the enriched ions also produce a
perturbation in the sensing signal, which is manifested as an
increase in sensitivity.

To simulate the coexistence of multiple antibiotics in the
virtual environment, we configured spiked samples in seawater
and lake water according to 1 nM equimolar concentrations
(TET, KAN, TOB, CIP, and STR) and tested them. Figures
6b and S17 show the signal response of the CRCT-FET
biosensor to the spiked samples. Almost no signal response for
the comparison samples (KAN, TOB, CIP, and STR) is
observed, with a value of 33 mV in seawater and 31 mV in lake
water for TET, indicating that the biosensors show an effective
signal response in a complex ionic environment.

To further evaluate the practical application of the proposed
biosensor, actual samples collected from the entrances of Bohai
Bay were tested and compared with the results obtained by
mass spectrometry. The actual samples from six locations in
Bohai Bay and the results obtained are presented in Table S1.
The transmission curves for the CRCT-FET biosensor with
actual sample detection are presented in Figure S18. The
tested concentrations for the actual samples can be calculated
using the sensitivity equation for the CRCT-FET biosensor, as
shown in Figure 6a (y = 147.8 + 11.7lgx). A comparison of the
results is presented in Figure 6¢c. The recovery rates range
between 98 and 106%, which confirms the reliability of the
CRCT-FET biosensor working in real environments.

B CONCLUSIONS

In summary, a GFET-based biosensor using CRCT ultraclean
graphene and an aptamer was developed for the ultrasensitive
detection of tetracycline. Using a newly designed CRCT
scheme to prepare ultraclean graphene, the carrier mobility of
the GFET is improved by more than 10 times compared with
the FET prepared by the CPT method. Based on the FET,
aptamer-functionalized transistor antibiotic biosensors were
constructed and characterized. A sensing principle for the
aptamer-functionalized antibiotic biosensor is proposed, which
is based on the electrostatic gating effect induced by aptamer
reconstruction after antibiotic and aptamer interactions on the
FET channel surface. A dynamic detection range of S orders of
magnitude, a sensitivity of 21.7 mV/decade, and a low
detection limit of 100 fM are achieved with good stability
for the CRCT-FET, which is much improved compared with
the biosensor prepared by the CPT method. The sensing
performance enhancement mechanism for the CRCT-FET
biosensor is mainly attributed to the CRCT clean graphene.
The CRCT-FET biosensor operation is verified by detecting
antibiotics in actual samples from the entrances of Bohai Bay.
A recovery rate ranging between 98 and 106% is achieved
compared with the results obtained by mass spectrometry,
which proves the practical application of the developed
biosensor.
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