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> Nanoelectronic biosensors based on CVD grown graphene*
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Figure 1. (a) Schematic illustration of GOD functionalized graphene
FET. (b) Current responses to the addition of glucose to various
concentrations. The upper inset shows that GOD free graphene FET
is not responsive to 10mMglucose. The lower inset shows the
response curve of the graphene FET to glucose fitted by an
exponential function.
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Figure 2. (a) Transfer curves before and after adding glucose (10 mM) to
the GOD functionalized graphene FET. (b) Transfer curves before and

after adding glutamate (1 mM) to the GIuD functionalized graphene FET
in the presence of 5 mM b-NAD.
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Figure 3 (a) Current responses of graphene FET to addition of products
from glucose oxidation: H202 and D-glucono-1,5-lactone (1 mM).
(b)Current responses of graphene FET to addition of products of glutamate
oxidation: NH4OH and a-ketoglutarate (1 mM).
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> Electrolyte-gated graphene field-effect transistors for detecting
ph and protein adsorption
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Figure 4. (a) Optical micrograph of a typical GFET. (b)
Schematic illustration of the experimental setup for
eIecTronTe-gated GFETs.
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Figure 5. (a) Conductance as a function of back-gate
voltage at 10-3 Pa and top-gate voltage in an
electrolyte at pH 5.8. (b) Enlarged view of
conductance as a function of gate voltage.
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Figure 6 (a) Conductance as a function of top-gate
voltage of a GFET at pH 4.0, 4.8, 5.8, and 7.8. (b)
Conductance versus time data of a GFET for pH
values from 4.0 to 8.2. (c) Top-gate voltage

at the Dirac point as a function of pH. The dashed

line is a linear fit o the data points.
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Figure 7. (a) ConducTonce versus time for
electrical monitoring of exposure to various
BSA concentrations. Dashed lines indicate the
average conductance. The inset shows the
time dependence of the conductance at
adding the 120 nM BSA. (b) Plot of the
conductance change of a GFET versus BSA
concentration. (c) BSA concentration per
conductance change (CBSA/ A4 G) as a function
of BSA concentration.
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> Label-free biosensors based on aptamer-modified graphene
field-effect transistors®
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Figure 8. (a) AFM image of a G-FET with a bare graphene
channel. (b) AFM image of the G-FET with an aptamer-
modified graphene channel.
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Figure 9. Time course of ID for an aptamer-modified G-FET. At 10, 30,

and 50 min, respectively, BSA and SA (nontarget proteins) and IgE (the
target protein) were injected into the aptamer-modified graphene channel.
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Figure 10. (a) Time course of ID for an aptamer-modified G-FET. At 10

min intervals, various concentrations of IgE were injected. (b) Change in
drain current vs IgE concentration. The red dashed curve shows a fit to the
Langmuir adsorption isotherm with KD ) 47 nM.
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> Chemical and biosensing applications based on graphene field-
effect transistors’
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Figure 13. ID as a function of top-gate voltage of a G-FET at pH 4.04, 4.94,

Figure 11. Schematic illustration of experimental setup with G-FETs. 6.57 and 8.16.
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Figure 14. Time course of normalized ID for G-FETs at VD and VTGS of 0.1
Figure 12. Photograph of experimental setup with a G-FET. and —0.1V, respectively, in 10-mM phthalate and phosphate buffer solution.

Red (blue) lines indicate that 80 (100) nM BSA was added at 10 min,
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»>Research article cell proliferation tracking using graphene
sensor arrays®
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Figure 15. Production and microfabrication of graphene. (a) CVD
growth of graphene on copper foil in a tube furnace, (b) graphene is
attached to Si02/Si by attaching to a support layer of PMMA and
thermal-release tape and transferring by a combination of heat and
pressure, (c) after transfer to SiO2/Si substrate, aNi protection layer is
patterned on the graphene, (d) oxygen plasma removes the
unprotected graphene and the Nickel is subsequently removed by HCI
etching. (e) shows the contacted graphene strips and (f) shows
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Figure 16. (a) Example of the Raman spectrum of CVD-grown graphene
after transfer. (b) Controlled deposition of small volumes of
LB/glycerolmedium is shown to be accurate by opticalmicroscopy. (c)
The p-type behaviour of the pristine graphene is observed, and a clear
increase in hysteresis is noted upon measurement of LB. A shift in gate
dependency with LB concentration is also noted. The glycerol is added
to reduce droplet evaporation and is maintained at the same
concentration in each case. (d) A change in resistance with LB
concentration is noted using two-probe measurements on the
graphene FET.

Figure 17. Microdispensing of 50% LB/25% glycerol medium containing E.
coli shows it is feasible to guide proliferation to the graphene sensor
region. (a) An SEM image shows the graphene sensor and contacts at
80- filt with a dense circular pattern of adhered bacteria fixed using a
dehydration protocol and shown in (b) at a higher magpnification.
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> Flow sensing of single cell by graphene transistor in a
microfluidic channel®
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Figure 18. Graphene-based detection of single Plasmodium falciparum-infected

r;ﬁw (w erythrocyte (PE). (a) (Left) Schematic illustration of an array of graphene
. [P ——

/ Conductance

transistors on quartz. The electrodes are protected by a SU-8 photoresist that
conveniently acts as the side wall for the microfluidic channel through which
cells flow. (Right) Specific binding between ligands located on positively
charged membrane knobs of parasitized erythrocyte and CD36 receptors on
graphene channel produces a distinct conductance change. Conductance
returns to baseline value when parasitized erythrocyte exits the graphene
channel. (b) DIC image of independent graphene transistors with SU-8/PDMS
microfluidic channel. Inset shows the etched graphene strip between source
and drain electrodes. Scale bar is 30 x m. (c) Three-dimensional AFM images
of (left) parasitized erythrocytel4 (scale bar is T « m) and (right) 3D height plot
of the surface of parasitized erythrocyte revealing protruding knobs which
overlaid with adhesion maps of knob ligands (PfEMP1) using CD36-
functionalized AFM tip (yellow regions).
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Figure 19. Characterization and PE detection of CD36-functionalized
graphene transistor. (a) CD36 coupled with FITC-conjugated CD36
antibody on graphene (inset) shows significant fluorescence
quenching as compared to that on quartz. Scale bar is 100 xm. (b)
AFM image and height profile of CD36 coupled with FITC-conjugated
CD36 antibody on graphene shows a combined protein height of ~ 3
nm. (c) Device performance for graphene and CD36-functionalized
graphene gated in culture medium. Inset shows the corresponding
capacitancevoltage measurements. Device channel length and width
are 10 and 20 w m, respectively. (d) IdsVg curves shows distinct shifts
in charge neutrality point when PE adhered onto CD36-functionalized
graphene channel. The increase in the width of the minimum
conductivity plateau upon PE adhesion is also evident.
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Figure 20. Parasite differentiation. (a) Conductance-time plots for (early to
mid) trophozoite-PE and schizont-PE measured at Vg = 0.1 V and
corresponding DIC images on the right. Device channel length and width is
8 and 15 u m, respectively. (b) Box plots of percentage conductance
changes for trophozoite-PE and schizont-PE. The top and bottom of the box
denote 75th and 25th percentiles of the population, respectively, while the
top and bottom whiskers denote 90th and 10th percentiles, respectively.
Maximum and minimum values are denoted by open squares. Gaussian
distribution of the raw data points is shown. (c) Conductance-time plot for
the occupation of 2 schizont-PE shows distinct conductance rise which
corresponds to single schizont-PE.
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