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Abstract:

A graphene field-effect transistor (G-FET) with the spacious planar graphene surface can provide a
large-area interface with cell membranes to serve as a platform for the study of cell membrane-related
protein interactions. In this study, a G-FET device paved with a supported lipid bilayer (referred to as
SLB/G-FET) was first used to monitor the catalytic hydrolysis of the SLB by phospholipase D. With
excellent detection sensitivity, this G-FET was also modified with a ganglioside Gy -enriched SLB
(Gmi-SLB/G-FET) to detect cholera toxin B. Finally, the GM1-SLB/G-FET was employed to monitor
amyloid-beta 40 (AP40) aggregation. In the early nucleation stage of AB40 aggregation, while no fluo-
rescence was detectable with traditional thioflavin T (ThT) assay, the prominent electrical signals
probed by Gu-SLB/G-FET demonstrate that the G-FET detection is more sensitive than the ThT assay.
The comprehensive kinetic information during the AP40 aggregation could be collected with a G-
SLB/G-FET, especially covering the kinetics involved in the early stage of AB40 aggregation. These ex-
perimental results suggest that SLB/G-FETs hold great potential as a powerful biomimetic sensor for

versatile investigations of membrane-related protein functions and interaction kinetics.
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Graphene is a two-dimensional (2D) single-atom-thick carbon material, on which every atom is ex-
posed on its surface. This 2D crystal possesses extremely high charge-carrier mobility, chemical robust-
ness, high transmittance, and large specific surface area." When graphene nanosheets are used as a con-
ducting channel to fabricate a field-effect transistor (referred to as G-FET), this G-FET is highly sensi-
tive and can detect environmental changes on the device’s surface and serve as a biosensor for low noise
and ultrasensitive detection.” In recent biological employments, G-FETs were demonstrated to be a suc-
cessful biosensing platform for biomolecular recognition and cellular investigations, such as DNA-DNA
hybridization,3 PNA-DNA hybridization,4 bacterial metabolic activities,” and aptamer-protein interac-

tions.®

Benefiting from its spacious planar surface, a G-FET can provide a large-area interface with cell
membranes and is suitable for the study of cell membrane-related protein interactions. For example, a
G-FET device could be paved with a supported lipid bilayer (SLB) that contains receptor molecules of
interest (referred to as SLB/G-FET) to offer several sensory advantages. First, the direct deposition of
SLB on a G-FET provides a non-covalent modification on the graphene surface, thus retaining the ex-
cellent intrinsic electronic properties of the G-FET, e.g., high charge-carrier mobility, detection sensi-
tivity, etc. Second, lipid bilayers are the primary composition of a cell membrane, which is involved in a
variety of active biological events, such as biomolecular recognition, ion conductivity, and cell signal-
ing. Therefore, developing a suitable SLB-containing biosensor is highly desirable for studying mem-
brane protein interactions. Third, an artificial cell membrane of SLB that can maintain both integral
membrane proteins and their functions is suitable for biological applications.” Moreover, the SLBs, situ-
ated on a planar solid support, could further increase their membrane stability. Compared with one-
dimensional nanowire-/nanotube-based FET biosensors, 2D G-FETs possess a large, continuous inter-
facing area, thus offering a superior integration with lipid bilayers for membrane-related studies.*’ In
addition, the high spectral transmittance of graphene also makes the fluorescence imaging on an SLB/G-

2
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FET attainable, providing the advantages of detecting both fluorescence and electrical signals simulta-

neously in the same SLB/G-FET device (Figure 1A), as will be demonstrated later.

To date, several works of using SLB/G-FETs for biological studies have been reported. Ang et al.
investigated the transfer characteristics of an SLB/G-FET and used the SLB/G-FET to examine the ac-
tivities of antimicrobial peptides.'” Wang et al. introduced pore-forming membrane proteins on an
SLB/G-FET to measure ion channel currents.'' Despite these exciting studies, SLB/G-FETs have not
been employed as an affinity-based biosensor for membrane-related biomolecular recognitions. In this
study, we took advantage of the label-free, sensitive, and real-time biosensing detections of SLB/G-
FETs to investigate membrane protein interactions. Moreover, SLB/G-FETs can also integrate with oth-
er cell membrane molecules, such as glycolipids, carbohydrates, and cholesterol, to provide diverse bio-
logical functions for studying protein-protein interactions. To this end, we employed an SLB/G-FET to
test its detection sensitivity by monitoring the catalytic hydrolysis of the SLB by phospholipase D
(PLD). We also enriched an SLB with ganglioside Gy to form a Gy -SLB/G-FET for detecting cholera

toxin B (CTxB) and monitoring the amyloid-beta 40 (AB40) aggregation.

A schematic representation of the device fabrication of an SLB/G-FET and the experimental setup
of utilizing an SLB/G-FET biosensor to study membrane protein interactions are illustrated in Figure 1A
and described in Section S1 of the Supporting Information. In Figure 1B, the Raman spectrum of a gra-
phene film synthesized with a chemical vapor deposition (CVD) method'? was investigated, where the
absence of the D band (at ~1335 cm™) reveals the excellent crystallinity of the CVD-grown graphene
and the peak intensity ratio of Lp/Ig ~3.6 for the G band (at ~1568 cm™) and 2D band (at ~2677 cm™)
indicates a monolayer structure.”® For the electric characteristics of the as-fabricated G-FET device, the
measured linear output curve (i.e., the source-drain current (Isp) vs. bias voltage (Vsp) plot, Figure 1C)
exhibits an excellent ohmic-contact. Furthermore in Section S2 of the Supporting Information, the prep-
aration of an SLB/G-FET by depositing SLB on a G-FET with a vesicle fusion method,'* the examina-

3
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tion of the SLB thickness by atomic force microscopy (AFM), and the tests of the surface mobility and
lateral fluidity of the SLB on the as-prepared SLB/G-FET with a fluorescence recovery after photo-

bleaching (FRAP) method"’ are described.

To examine the detection sensitivity of an SLB/G-FET biosensor, we employed PLD to cleave the
charged head groups of SLBs and monitored the charged state remained on the SLB/G-FET in real time.
PLD can cleave the charged head group from a phospholipid (i.e., induce the hydrolysis of phosphati-
dylcholine (PC)) into a negatively charged phosphatidic acid (PA) and a positively charged choline (as
depicted in Figure S6 of the Supporting Information). Shown in Figure 2A are the transfer curves (i.e.,
the source-drain current (Isp) vs. gate voltage (V) plots) of a bare G-FET (black curve) and an SLB/G-
FET (red curve), where the positive shift of the charge neutrality point (CNP, i.e., the Dirac point) by
~15 mV reflects a slight p-doping of SLB on G-FET.'® After treating the SLB/G-FET with 1 uM of PLD
for 40 min (blue curve in Figure 2A), the CNP further shift by ~55 mV due to a gating effect of the neg-
atively charged PA left in the SLB. The CNP values of a G-FET measured in this study were determined
by fitting the experimental data to a formula as described in Section S4 of the Supporting Information.
Figure 2B further shows the real-time monitoring of the catalytic reaction of an SLB/G-FET as a func-
tion of the PLD concentration (Cprp = 62.5 nM—1 uM); for comparison, a control experiment was also
performed by adding thermally denatured PLD (up to 1 uM) to an SLB/G-FET (the inset of Figure 2B).
As a result, the negligible current changes of SLB/G-FET (<1.5 nA) by adding the denatured PLD are in
sharp contrast to the prominent electrical responses with the same dose treatments of normal PLD. The-

se results demonstrate the sensitive detecting capability of an SLB/G-FET biosensor.

The cholera toxin B subunit (CTxB), a toxin secreted from Vibrio cholera, binds specifically to the
ganglioside Gyy; on a cell membrane with a dissociation constant of ~30 nM." Therefore, the detection

of CTxB by the Gyj-enriched SLB/G-FET (referred to as Gy-SLB/G-FET) was adopted in this study to
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demonstrate the application of an SLB/G-FET for biological recognition in the protein interactions on a
cell membrane. Figure 2C shows the transfer curves of a Gy;-SLB/G-FET as a function of the CTxB
concentration (Ccrxg = 0—400 nM). Upon binding the Gy;-SLB/G-FET, the negatively charged CTxB
(with an isoelectric point of pI ~ 7) induced p-doping at the G-FET and resulted in positive shifts of the
transfer curve. Meanwhile, a control experiment of an SLB/G-FET without modifying Gy (presented in
the inset of Figure 2C) shows no change of the transfer curve after adding 400 nM of CTxB, indicating
the specific binding of CTxB to Gy;. Figure 2D summarizes the shifts of CNP (AVnp, red squares) and
the changes of current (Algp at Vg = -0.07 V, green triangles) as a function of Ccrxg measured in Figure
2C. The dissociation constants of K4 = 43.0 £ 3.7 nM (from AVcene—Cerxs, red line) and 52.2 + 7.2 nM
(from Alsp—Ccryp, green line) for the CTxB-Gy complex were determined from the least-squares fits to
the Hill-Waud binding model.'® It is worth noting that a model fitting to the CNP shift (red line) or the
current change (green line) yields a similar dissociation constant of the CTxB-Gy; complex, suggesting

the fidelity of the electrical measurements by Gy-SLB/G-FET.

The ganglioside Gy also plays a role in the fibril formation of AP, which is considered to be a risk
factor responsible for neurodegeneration and Alzheimer’s disease.'” Earlier studies show that AP pep-
tides could aggregate on lipid microdomains containing ganglioside Gy, sphingomyelin (SM), and cho-
lesterol (Chol).”*** In the investigation of the fibril formation of AP, a thioflavin T (ThT) fluorescence
assay has been widely used as “a gold standard” to stain and identify amyloid fibrils by observing the
dramatic increase of the fluorescence intensity after ThT binds to the crossed beta-rich structure.”> Alt-
hough several mechanisms and models** have been put forward to analyze the fluorescence signals, the
ThT assay failed to report the AP aggregation in the very early stage, which might lose the comprehen-

sive picture of the AP oligomerization.”>*°

To observe the AB40 aggregation in this study, 1 mg/mL of
liposome solution containing the concentration ratio of Gy:SM:Chol = 4:3:3 was prepared to form a

Gm1*-SLB/G-FET (where Gy * represents the Gy:SM:Chol ingredients to distinguish the aforemen-
5
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tioned Gy -SLB/G-FET). Figures S7—S8 present the characteristic features of a Gy;*-SLB/G-FET, in-
cluding the FRAP measurement and AFM investigation, respectively. Figure 3A shows the transfer
curves of a Gy *-SLB/G-FET in response to the incubation of 12.5 uM of AB40 in a phosphate buffer
solution. Because of the negatively charged AB40 (pI = 5.3), the AB40 aggregation gradually induced p-
doping to the Gy *-SLB/G-FET, resulting in a positive shift of the transfer curve. During the AB40 ag-
gregation, the current of CNP (or the minimum conductivity of a G-FET) also changes because of the

27-29
Two

variations of impurity/residual charge density or chemical environment on the G-FET surface.
control experiments also demonstrate the specific binding of AB40 to Gy *-SLB/G-FET, where neither
a Gy *-SLB/G-FET could detect a sample solution without AB40 (Figure S9A) nor an SLB/G-FET de-
vice without modifying Gy could capture AB40 (Figure S9B). During the AB40 aggregation monitored
by Gy *-SLB/G-FET, a ThT fluorescence assay (Figure 3B) was also conducted simultaneously in the
same device (as illustrated in Figure 1A). No significant fluorescence signals were detected in the early
observation (<8 hours in Figure 3B), which could be due to the fact that most ApB40 in the early nuclea-

tion phase are in their monomer/oligomer form, resulting in no substantial ThT fluorescence because of

lack of the crossed B-strand structure.”

Figure 3C compares the signals of AB40 aggregation detected by Gy *-SLB/G-FET and ThT assay.
In the early measurements (<8 hour), while no significant fluorescence was detectable in the ThT assay
(green dots), prominent electrical signals probed by Gy *-SLB/G-FET (red dots) suggest that the G-
FET detection is more sensitive than the ThT assay. For a further kinetic analysis, we attempted to fit
both ThT assay and G-FET signals with a reported kinetic model,*® containing the steps of nucleation,
elongation, and secondary nucleation in the AP40 aggregation. The least-squares fits of experimental
data to the kinetic model®® are described in Section S6 of the Supporting Information. Briefly, the analy-
sis reveals that the reaction orders of primary nucleation (n.) were determined to be 2.1 = 0.1 (by ThT

assay) and 1.9 + 0.1 (by G-FET), indicating a pair of monomers were involved to fold as a nucleus in

6
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the AP40 aggregation for the subsequent elongation. Second, the ratios of the rate constants (kn/k>) be-
tween the primary nucleation (k,) of the early stage and the secondary nucleation (k,) of the later Ap40
aggregation were obtained to be 6.4 + 0.9X 10 (ThT assay) and 4.2 = 0.5% 10" (G-FET). A possible
explanation for the much smaller k,/k, value obtained by ThT assay is due to a lack of detectable fluo-
rescence signals in the early stage of nucleation (k,). In contrast, the Gy;*-SLB/G-FET could detect
AP40 via the electric-field effect and any binding of monomers, oligomers, and (proto)fibrils on the sur-
face of Gumi*-SLB/G-FET could cause the conductivity change inside the G-FET device. Consequently,
the superior G-FET can be used to complement the ThT assay in detecting AB40 oligomers, especially

in the early nucleation phase.

In summary, SLBs have been integrated with a G-FET to form an SLB/G-FET for detecting mem-
brane protein interactions. The SLB/G-FET possessed excellent membrane stability and dynamic fluidi-
ty under a FRAP test. The electrical modulation of an SLB/G-FET by adding PLD to cleave the charged
head groups of SLB demonstrated the SLB/G-FET a sensitive platform for biological applications. The
specific detection of CTxB with a Gy;;-SLB/G-FET allowed the determination of the dissociation con-
stant of the CTxB-Gy; complex. The comprehensive kinetic information during the AB40 aggregation
could be collected with a sensitive Gy *-SLB/G-FET, especially covering the kinetics involved in the
early stage of AB40 aggregation. These experimental results suggest that SLB/G-FETs can be used as a
powerful biomimetic sensor for versatile investigations of membrane-related protein functions and in-

teraction kinetics.
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Figure 1. (A) A schematic illustration of preparing an SLB/G-FET device with a solution-gate elec-
trode. The SLB/G-FET can be used as a biomimetic platform to detect the hydrolysis of SLB by a cata-
lytic PLD. Moreover, ganglioside Gy; can be embedded in the SLB/G-FET to form a Gy;-SLB/G-FET
for detecting CTxB or AP40 aggregation. The high spectral transmittance of graphene also makes the
simultaneous detections of both fluorescence and electrical signals possible. (B) The intensity ratio of
Ip/Ig ~ 3.6 and the absence of the D band were observed in the Raman spectrum of CVD-grown gra-
phene. (C) A linear Isp—Vsp plot measured in a G-FET device indicates an excellent ohmic-contact of
the device.
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34 where a slight p-doping of the G-FET by SLB caused a positive shift of the CNP by ~15 mV. After add-
37 ing 1 uM of PLD to the SLB/G-FET (blue curve), a further positive shift of the CNP by ~55 mV was
39 induced by the negatively charged PA, resulting from the hydrolysis of SLB by PLD (Figure S6). (B)
The real-time current change of an SLB/G-FET (measured at Vg = 0 V) was measured in response to
44 various Cprp (62.5 nM—1 uM). In the inset, a control experiment of adding thermally denatured PLD to
46 an SLB/G-FET demonstrates that no significant current change was observed. (C) The transfer curves of
a Gumi-SLB/G-FET were recorded after each addition of CTxB (up to 400 nM) for 15 min incubation. In
51 the inset, a control experiment of using an SLB/G-FET without modifying Gy to detect CTxB shows

53 no change in the transfer curve. (D) The AVene—Cerxs (red squares) and Alsp—Cerxp (green triangles)
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plots represent, respectively, the CNP shift and current change as a function of Ccrxg measured in (C).
The Alsp values at Vg = -0.07 V (marked by a vertical dashed green line in (C)) were chosen because
the transfer curves are close to their linear regions. The Hill-Waud binding model was used to fit the
AVene—Cerxs and Alsp—Cerxp experimental data, yielding the dissociation constants (Ky) of the CTxB-

Gmi complex to be 52.2 + 7.2 nM and 43.0 £ 3.7 nM, respectively.
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34 Figure 3. Simultaneous detections of the AB40 aggregation by both Gy;*-SLB/G-FET and ThT as-
say. (A) The changes of the transfer curve of a Gy *-SLB/G-FET were recorded for 22 hours by intro-
39 ducing 12.5 uM of AB40 solution at pH 7.4. The gradual aggregation of the negatively charged AB40 (pl
41 = 5.3) induced a p-doping to the Gy *-SLB/G-FET. (B) A ThT assay on the same Gy *-SLB/G-FET
device was recorded at 1.5 s/frame, where the fluorescence images were obtained by collecting 450-550
46 nm emission from the ThT dye excited at 405 nm. (C) A comparison of the observed signals by ThT as-
48 say (green dots) and Gy *-SLB/G-FET (red dots) during the AB40 aggregation. While the data points of
ThT assay (green dots) were collected from each frame in (B) by integrating the fluorescence intensity,
53 those of Gv;*-SLB/G-FET (red dots) were an average of three measurements (represented by grey hol-
55 low squares, triangles, and diamonds). A kinetic model®® was used to analyze the experimental data,
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where the red curve (Gy*-SLB/G-FET) and green curve (ThT assay) represent the results of a least-

squares fit to the model.
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Graphene nanosheet field-effect transistors (G-FETs) can be used as a biosensor with the traits of label-
31 free, sensitive, and real-time detections. By modifying a supported lipid bilayer (SLB) on a G-FET, the
33 SLB/G-FET can integrate with other cell membrane molecules, such as membrane proteins, glycolipids,
and cholesterol, to provide diverse biological functions for versatile studies. This graphene-based bio-
38 sensor was employed as a platform to investigate the catalytic activity of phospholipase D, the biore-

40 cognition between ganglioside Gy and cholera toxin, and the aggregation of amyloid-beta peptides.
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