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Fig. 1. (a) Schematic of sensing mechanism of electrochemical sensorsPl. (b) Schematic of sensing mechanism of graphene
transistor(!%.. (c) Ilustration of the principle of pH sensing. At lower pH (higher concentration of H* ions), the OH group on the
dielectric surface gets protonated to form OH; , leading to a positive surface charge on the dielectric, while at higher pH, the OH
group gets deprotonated to form O, leading to a negative surface charge on the dielectric. (d) Schematic band diagram illustrating
the current flow mechanism in (n-type) field effect transistors (FETs) with the semiconducting layer having a considerable band
gap. Only electrons having an energy greater than the barrier height can cross the barrier and contribute to current as shown by
the green arrow. At low gate voltage (Vgg1), few electrons (within the green circle) can cross the barrier. After the application of a
higher gate voltage (Vg2), more electrons (within the green circle) can cross the barrier; In the case where the semiconducting
channel has a very small band gap, not only can electrons flow above the top of the barrier, but electrons with lower energies can
also tunnel through the barrier, which can increase the leakage current?sl.
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Fig. 2. (a) Schematic representation of N-doped graphene. Gray for the carbon atom, blue for the nitrogen atom, and white for the
hydrogen atom. (b) Cyclic voltammograms of GO, immobilized on N-doped graphene electrode (solid line) and graphene electrode
(dashed line) in Ny-saturated 0.1 mol/L phosphate buffered saline (PBS) solution (pH 7.0). Dotted line is for the background. Scan
rate is 0.05 V/s. (c¢) Current-time curves for GO, immobilized on GCE, graphene electrode, and N-doped graphene electrode at
~0.15 V in 0.1 mol/L PBS (pH 7.0) with successive addition of 0.1 mmol/L glucosel!l.
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Fig. 3. Tunneling electron microscope (TEM) images of the (a) MoS, and (b) AuNPs@MoS, nanostructures; (c) differential pulse
voltammetric curves of different dopamine (DA) concentrations at AuNPs@MoS,/GCE; (d) plot of oxidation peak currents vs. DA
concentrations derived from voltammograms of differential pulse voltammetry (DPV)I; (e) scanning electron microscope (SEM)
images of MoS,-Gr; (f) high-resolution TEM of MoS,-Gr; (g) CVs of GCE, Gr/GCE and MoS,-Gr/GCE in 5 mmol/L Fe (CN)g_/4_
containing 0.1 mol/L KCl; (h) DPVs of 0.1, 0.5, 1.0, 3.0, 5.0, 10, 20, 40, 60, 80 and 100 pmol/L acetaminophen (from bottom to
top) at MoS,-Gr/GCE in 0.1 mol/L PBS (pH 7.0) P
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Fig. 4. (a) Illustration of the solution gated reduced-graphene-oxide FET and the interdigitated channel; (b) schematic of the ur-
ease-polyethylenimine multilayer film and the urease-catalyzed hydrolysis of ureal’!l; (c) schematic representation of the self-as-
sembled horseradish peroxidase (HRP)-graphene sheets (GSs) hierarchical bionanocomposites on glass carbon electrode and elec-
tron transfer process of the composites on the electrode surface; (d) dynamic amperometric response of the modified electrodes to
successive additions of HyOo: SGSs electrode (curve a) and HRP-GSs electrode (curve b) in a stirred 0.1 mol/L PBS (pH 7.0) solu-

tion containing 1.0 mmol/L hydroquinone!®.
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Fig. 5. (a) Functionalization of the HfO, effective layer with antibody receptors and subsequent TNF-« detection; (b) an exemplary

MoS, transistor with channel length (L) and width (W) of 5 pm and 6 pm, respectively; (c) a transistor biosensor integrated with a

microfluidic channel system connected with an inlet/outlet tubing kit, which is driven by a motorized syringe pump; (d) transfer

characteristics of an exemplary MoS, transistor sensor measured at various biodetection stages, following the sequence of bare tran-
sistor, antibody functionalization, and inputs of TNF-a solutions with concentrations of 60 fmol/L (fM), 300 fmol/L, 600 fmol/L,

3 pmol/L (pM), and 6 pmol /L.
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Fig. 6. (a) Schematic illustration of the aptamer-immobilized graphene FET for detection of protective antigen (PA); (b) Vi, shift

(A Vigmin) vs. PA concentration in PBS solutions with different probe molecules. The AV, ., value was obtained by calculating the

g

difference in charge neutrality point, V, ., as a reference for the device with no binding of PA; (c) change in the minimum source-

drain current (Zgsmin)s Algs, min/ I3 x 100 (%) vs. PA concentration. Here, I}
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Fig. 7. (a) Illustration and image of an 8-graphene-electrode/FET array with a microfluidic channel on top. This entire device sits
on a printed circuit board. (b) Cross-sectional illustration of an individual graphene site. (¢) Optical micrograph of a portion of a
fabricated graphene array. For an individual graphene site, W = 90 pm and L = 45 pm (scale bar, 120 pm). (d) During the immob-
ilization of Cy3-labelled probe DNA and associated streptavidin, even- (odd-) numbered sites are biased at 1.2 V (-1.2 V) (20 and
120 s for streptavidin and Cy3-labelled probe DNAs, respectively). During the subsequent immobilization of Cy5-labelled probe
DNAs and associated streptavidin, the even- (odd-) numbered sites are left unbiased (biased at 1.2 V), with the same timing scheme
as before. (e) Confocal fluorescence image (false coloured) of the array with Cy3 and Cy5 probe DNAs shown, respectively, as red
and green, and the corresponding normalized fluorescence intensity. The averaged fluorescence intensities across the four even-
numbered and four odd-numbered graphene sites with Cy5 intensity are normalized to the maximum Cy3 intensity; *P < 0.05; ¥**¥P <
0.01; error bars represent 4 1 s.d. Scale bar, 100 um(™.
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Fig. 8. Proposed membrane organization on silicon dioxide and graphene. 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) head-
groups are marked in red, Biotin-PE headgroups in green. (a) Base monolayer and additional bilayer on silicon dioxide in air;
(b) single bilayer on graphene in air and (c) monolayer of phospholipids on graphene surrounded by bull serum albumin (BSA) lay-
er under water; (d) streptavidin can later be bound to the biotinylated headgroups of the phospholipids from solution with BSA and
DOPC preventing unspecific binding to the substratel™.
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Fig. 9. Detection performance and mechanism of the FET sensor: (a) Schematic diagram of the -OH detection; (b) liquid gate trans-
fer curves of a FET device of pristine graphene (black), after decoration of gold nanoparticle/cysteamine-protoporphyrin (red), after
metallic ions (10* mol/L Cd**, green), and after shear reaction (10* mol/L -OH, blue), when liquid gate voltage (V,) varies from
-400 to 800 mV; (c), (d) real-time electrical responses of a graphene/Au/Cys-PP FET device upon successive addition of Cd** and
subsequent -OH[™.
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Fig. 10. (a) Cross-sectional scheme of the flat (left) and crumpled (right) graphene FET DNA sensor. Probe (black) and target (red)
DNA strands are immobilized on the surface of graphene. The blue dot lines represent Debye length in the ionic solution and the
length is increased at the convex region of the crumpled graphene, thus more area DNA is inside the Debye length, which makes the
crumpled graphene more electrically susceptible to the negative charge of DNA. (b) Fabrication of FETs and experimental process
flow. Graphene on pre-strained PS substrate was annealed at 110 °C to shrink the substrate and crumple the graphene. Then source
and drain electrodes were applied and solution-top gate was used. In case of flat graphene FET, the annealing process was omitted.
(c) Dirac voltage shift of the FET sensor with detection of hybridization using DNA probe. NC is non-complementary control se-
quences used in the experiments. (d) Dirac voltage shift of the FET sensor with miRNA detection of hybridization. Target RNA

spiked in human serum was treated on the FET sensor. Human serum is complex mixture of biological components!™!.
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Fig. 11. Designs of graphene-gold metasurface architectures. (a) Basic architecture with a layer of graphene deposited on the gold
surface. To excite surface plasmon polariton over the graphene-gold interface, a light beam is typically passed through a glass prism
and reflected from a 50 nm gold film deposited on one of its facets. (b) Calculated reflectivity (black) and phase (red) of light as
functions of the angle of light incidence of the gold-graphene interface, corresponding to maximum probing field. Phase experiences
a sharp singularity in the minimum of SPR curve. (¢) Response and magnitude of enhancement (in the bracket) obtained with

(circles) and without (squares) exposing the monolayer graphene-coated sensing film to positive-charged Au NPs after ssDNA[T.
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Fig. 12. (a) Schematic illustration of the fluorescence sensor for Ag* ions based on the target-induced conformational change of a
SSO and the interactions between the fluorogenic silver-specific oligonucleotide probe and graphene oxide (GO)[™. (b) Schematic for
the Pb?*-modulated interactions between DNAzyme and GO. Inset is the fluorescence spectrum of a mixture of DNAzyme and GO
upon interaction with 0 mol/L (top curve) and 2 mmol/L (bottom curve) of Pb* in a Tris-HCI buffer (50 mmol/L, pH = 7.4) solu-
tion containing 50 mmol/L NaCl®!l. (c) Schematic of the proposed detection mechanism (for clarity, pristine graphene is used to
represent GO)[2.
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Abstract

Since the discovery of graphene, a large number of two-dimensional (2D) materials have been found and
studied. The charge carriers of 2D materials are restrained in a 1 nm physical space, which results in high
sensitivity of charge carriers to chemical or electrical doping. It brings a technical innovation into a biosensing
field. No matter what sensing mechanism the biosensor process is based on, it includes the process of detecting
object recognition and signal transformation. The target recognition is normally realized by nano-bioprobes at
the sensing interfaces of the devices. After the recognition, 2D materials at the biosensing interface can realize
signal output. Constructing bioprobes and 2D materials at an atomic level at the biosensing interface can
modulate the physical and chemical activity precisely in the process of sensing, which improves the sensing
performances of devices. Here, we review the recent progress of constructing the 2D biosensing interfaces.
Especially, we discuss various biosensing mechanisms and different nano-bioprobes. We also suggest the further

research direction of this field.
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