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ABSTRACT: The efforts of detecting bioactive targets
with complex, dynamic, and unknown molecular profiles
have inspired the development of various biosensor
platforms. Herein, we report a cell-membrane-modified
field effect transistor (FET) as a function-based nanosensor
for the detection and quantitative measurement of
numerous toxins and biological samples. By coating carbon
nanotube FETs with natural red blood cell membranes, the
resulting biomimetic nanosensor can selectively interact with and absorb broad-spectrum hemolytic toxins regardless of
their molecular structures. Toxin−biomembrane interactions alter the local charge distribution at the FET surface in an
ultrasensitive and concentration-dependent manner, resulting in a detection limit down to the femtomolar (fM) range.
Accurate and quantitative measurements are enabled via a built-in calibration mechanism of the sensor, which overcomes
batch-to-batch fabrication variations, and are demonstrated using three distinct toxins and various complex bacterial
supernatants. The measured signals of bacterium-secreted proteins correlate linearly with the actual bacterial numbers,
making the biosensor a nontraditional approach to rapidly detecting bacterial concentrations without a need to count
bacterial colonies.
KEYWORDS: biosensor, cell membrane, field effect transistor, carbon nanotube, hemolysis

The development of nanoscale biosensors has gained
significant interest in the past few decades, leading to a
variety of fast and reliable platforms for the detection

of pathogens, toxins, and bioactive compounds.1−4 Their
applications are ever-growing, ranging from clinical and
pharmaceutical analyses to environment and biodefense-
related detections.5−8 Development of the next-generation
biosensors increasingly seeks the capability of detecting
bioactive targets with complex and dynamic molecular profiles,
often unknown, in a highly sensitive, label-free, and broad-
spectrum fashion.9−12 Conventional approaches relying
primarily on molecular structures or chemical characteristics
of the targets for recognition are only effective for specific
predefined targets and are therefore unable to meet the above
challenge.13,14 In this perspective, function-based detection
systems capable of reporting the presence of biological
substances or threat agents in a physiologically relevant
manner but without prior knowledge of the targets are highly
desirable. Herein, we report the design and characterization of

a function-based nanosensor that combines a carbon nanotube
field effect transistor (FET) with natural cell membranes
(Figure 1a). The cell-membrane-functionalized FET (denoted
“CM-FET”) nanosensor can detect the pore-forming activities
of a wide spectrum of biological toxins in a rapid, ultrasensitive,
and quantitative manner.
The use of natural cell membranes to coat synthetic

nanomaterials has recently emerged as a versatile top-down
method for material functionalization.15−17 In particular, the
membrane of red blood cells (RBCs) has become an attractive
coating material that absorbs and neutralizes numerous pore-
forming toxins (PFTs) despite the enormous structural
diversity of these toxins.18 This is achieved by leveraging the
fact that, regardless of their specific mode of action, these

Received: January 31, 2019
Accepted: March 4, 2019
Published: March 4, 2019

A
rtic

le
www.acsnano.orgCite This: ACS Nano 2019, 13, 3714−3722

© 2019 American Chemical Society 3714 DOI: 10.1021/acsnano.9b00911
ACS Nano 2019, 13, 3714−3722

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 S

A
N

 D
IE

G
O

 o
n 

M
ar

ch
 2

6,
 2

01
9 

at
 1

7:
10

:3
9 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.9b00911
http://dx.doi.org/10.1021/acsnano.9b00911


toxins must in one way or another interact directly with the cell
membranes.19 In this design, the semiconductive carbon-
nanotube-based FET is coated with RBC membranes. The
RBC membranes will interact selectively with PFTs that have
membrane lytic activities, regardless of the PFT structural
specificity. The binding event between the membranes and the
target toxins disturbs the electrical double layer within
proximity of the carbon nanotubes, which in turn changes
the conductance of the FET.20,21 Compared to synthetic lipid-
bilayer-based biosensors, CM-FETs replicate natural inter-
actions between cell membranes and targets without the
requirement to optimize the membrane composition or
experimental conditions.22 Compared to cell-based biosensors
that use living cells for detection, CM-FETs eliminate the
necessity of cell culture and maintenance while preserving

biofunction-driven, broad-spectrum, and high-content detec-
tion capabilities with superior stability and selectivity.23

RESULTS AND DISCUSSION

Fabrication and Characterization of CM-FET. The
fabrication of the CM-FET was divided into two steps. In the
first step, semiconductive single-walled carbon nanotubes
(SWCNTs) were spray-coated onto an oxidized silicon
substrate with patterned interdigitated electrodes. Sprayed
SWCNTs formed meshes on the silica surface bridging the
adjacent electrodes and rendering the device semiconductive
(Figure S1). In the second step, purified RBC membranes were
sonicated to generate RBC vesicles with an average diameter of
about 120 nm, followed by drop casting onto the device
surface, where the small vesicles fused onto the flat substrate

Figure 1. Fabrication and characterization of cell-membrane-coated carbon nanotube field effect transistors (CM-FETs). (a) Schematic
construct of a CM-FET consisting of RBC membranes coated on the FET surface. (b) (Top panel) Fusogenic RBC vesicles labeled with DiD
dye were incubated with the FET substrate, and the fluorescence image was taken after removal of excessive vesicles (scale bar = 100 μm).
(Bottom panel) Nonfusogenic RBC membrane-coated nanoparticles (RBC-NPs) were tested in parallel as a control (scale bar = 100 μm).
(c) RBC vesicles were labeled with two distinct fluorescent dyes: DiD (red) in the cell membrane and calcein-AM (green) in the aqueous
compartment of the vesicles. Fluorescence emission spectra of the RBC vesicles before (top) and after (bottom) their incubation with the
FET substrate were taken and compared. (d) Fluorescence-recovery-after-photobleaching (FRAP) study of RBC membranes coated on the
FET substrate (scale bar = 50 μm). (E) Fluorescence intensity recovery of regions of interest after photobleaching. The diffusion coefficient
was determined to be 0.38 μm2 S−1.
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surfaces to form a uniform bilayer membrane coating. To verify
vesicle fusion on the device, RBC vesicles were labeled with a
lipophilic dye (1′-dioctadecyl-3,3,3′,3′-tetramethylindodicar-
bocyanine, 4-chlorobenzenesulfonate salt, DiD, excitation/
emission = 644/665 nm) and then incubated with the device
for 1 h. The excessive vesicles were removed by repeated
washing. Following the fabrication, the fluorescence image of
the device shows a strong signal from the labeled membranes
with even distribution on the oxide surface, which indicates
uniform coating of the membrane bilayer (Figure 1b). The

dark regions match the pattern of the interdigitated gold
electrodes that quench the fluorescence of the dye. To verify
that such membrane retention on the device was indeed due to
the vesicle fusion instead of nonspecific adsorption, we
prepared nonfusogenic RBC vesicles by precoating the
membranes onto polymeric nanoparticles (RBC-NPs). After
wrapping around solid cores, these vesicles formed a stable
membrane−core interface and therefore could not fuse with
the electrode substrate.24 After applying the same incubation
and washing steps, little fluorescence was detected from the

Figure 2. Semiconductive properties of CM-FETs. (a) Ids−Vg curves of uncoated FETs with the Vds ranging from −0.6 V to −0.1 V. (b) Ids−
Vg curves of FETs after cell membrane coating with the Vds ranging from −0.6 V to −0.1 V. (c) Ids−time curve of uncoated FETs and FETs
with cell membrane coating (Vds = −0.3 V, Vg = 0 V).

Figure 3. Functional test of CM-FETs using distinct pore-forming toxins (PFTs): (a, b) melittin, (c, d) streptolysin O, and (e, f) Hlα. For
each type of toxin, CM-FETs were used to measure the channel conductance as a function of time and toxin concentrations. Typical Ids−time
curves of each toxin (a, c, e) were measured, and values of Ids change relative to the basal level (ΔIds/I0) were plotted against toxin
concentrations (b, d, f).
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treated device surface, therefore confirming the role of vesicle−
substrate fusion in retaining the cell membranes.
To further validate the fusion process, we prepared dual-

fluorescence-labeled RBC vesicles: one fluorescence dye (DiD)
was incorporated into the bilayer membrane of the vesicles and
the other (calcein, excitation/emission = 495/515 nm)
encapsulated inside the aqueous compartment of the vesicles.
Following the same incubation process, however, only the
fluorescence signal from the membrane was detected from the
device surface, indicating the loss of inner content during the
vesicle−substrate fusion process (Figure 1c). Additionally, we
performed a fluorescence recovery after photobleaching
(FRAP) study to measure the lateral diffusion coefficient of
the membrane lipids after they are coated onto the FET. In the
study, fluorescence dye DiD was doped into the cell
membrane, and an incident laser beam at a wavelength of
633 nm was used to photobleach a spot (spot radius 6.57 μm,
Figure 1d). Upon removal of the laser, fluorescence in the
bleached area recovered gradually, and full recovery was
observed after approximately 125 s. From the recovery curve
(Figure 1e), the translational diffusion coefficient of the
membrane lipids on CM-FET was calculated to be 0.38 μm2

S−1 based on a supported lipid bilayer model of D = 0.88r2/
(4t1/2) (D: translational diffusion coefficient; r: radius of
photobleaching area; and t1/2: time needed to recover half of
its maximum fluorescence).25 This value is comparable to that
of the lipids in intact RBCs (D = 0.82 μm2 s−1), further
implying a two-dimensional planar membrane layer on the
CM-FET.26,27

The electrical property of CM-FETs was also tested (Figure
2a,b). For each fixed drain−source voltage (Vds), the absolute
value of drain−source current (Ids) increased from “off” state
(Ids = 0) to “on” state (Ids > 0) as the gate voltage (Vg) became
more negative, suggesting that the CM-FET maintains p-type
semiconductive characteristics after the membrane coating.28 It
was found that at the same Vg and Vds values, the absolute
current (Ids) of the CM-FET was much smaller than that of an
uncoated FET, suggesting increased resistance upon cell
membrane coating. Figure 2c shows the Ids−time curves of
an uncoated FET and CM-FET at Vds = −0.3 V and Vg = 0 V.
The absolute value of Ids decreased significantly upon
membrane coating. This further confirms the coating of an
RBC membrane onto the FET surface, consistent with the
above characterization of membrane coating (Figure 1b,c).
Detection of Broad-Spectrum Hemolytic Toxins. We

first tested the ability of CM-FETs to detect PFTs. In the
study, three distinct model PFTs were selected including
melittin (Mw = 2.8 kDa), streptolysin O (SLO, Mw = 69 kDa),
and alpha hemolysin (Hlα, Mw = 33 kDa). For each type of
toxin, we used CM-FETs to measure the channel conductance
as a function of time and toxin concentrations. Prior to the
addition of toxin solutions to the device, solutions of
dithiothreitol and bovine serum albumin were added to
block possible nonspecific binding (Figure S2). We first tested
the detection limits (i.e., the lowest toxin concentration that
induces a perceptible conductance change). In the study, CM-
FETs responded to melittin, SLO, and Hlα at concentrations
no less than 0.7, 0.04, and 0.03 fM, respectively (corresponding
to 4.8, 2.8, and 0.99 ng L−1, respectively). The detection limit
of sub-fM range is substantially lower than the currently
available whole-cell-based hemolytic assay (nM range), ELISA
assay (pM range), and chemically modified nanowire-based
FETs (nM range).18,29,30 The CM-FET channel conductance

decreased stepwisely with discrete changes of toxin concen-
tration. These results are attributable to toxin molecules that
decrease the conductance by attracting holes in p-type CM-
FETs.31,32 The devices remained responsive to toxin
concentrations in the range of fM to μM (Figure 3a,c,e). A
typical plot of the conductance−logarithmic toxin concen-
tration relationship is linear over 0.7 fM to 70 nM for melittin,
0.04 fM to 42.8 nM for SLO, and 0.03 fM to 300 nM for Hlα,
respectively (Figure 3b,d,f). The linear response is likely
attributed to an approximately linear change in the total
surface charge density versus logarithmic toxin concentration.30

The response of CM-FETs to toxin solutions with good
linearity over a wide concentration range suggests that the
device can be used as an ultrasensitive and high-content
biosensor to quantitatively detect toxins.

Detection of Bacterial Whole Secreted Proteins.
Linear CM-FET responses given by various types of PFTs
motivated us to apply the CM-FETs to detect and quantify the
overall pore-forming activities of live bacterial culture, a
complex biological solution known to contain a vast mixture of
hemolytic toxins. The feasibility of this concept was
demonstrated using the culture of methicillin-resistant Staph-
ylococcus aureus (MRSA), which contains multiple well-
characterized PFTs secreted by the bacteria.33 A grand
challenge of using FET-based biosensors to detect and quantify
the pore-forming activity of complex biological fluids is the lack
of a known calibration curve. The batch variations of FET
sensors, including the CM-FETs, render any external reference
curves irrelevant. To overcome this intrinsic technical barrier,
we included a series of Hlα solutions with well-defined
concentrations as an internal reference to calibrate each CM-
FET for quantitative measurements of the hemolytic activity of
complex biological samples. Detailed procedures are summar-
ized in Supporting Information Table S1.
In the study, we selected various MRSA bacterial culture

supernatants for measurements (Table S2). First, Hlα and
MRSA culture supernatant samples of different dilutions were
added alternately onto the CM-FET, and the device Ids was
measured as a function of time (Figure 4a). Three MRSA
culture samples obtained from either different incubation times
or different batches, together with the Hlα reference samples,
were measured with nine different devices (three distinct
devices for each sample) (Figure S3, and Table S3). Following
the measurement, the response ΔIds/I0 values corresponding to
the Hlα reference and MRSA supernatant were plotted against
their dilution factors, respectively, generating nine pairs of
linear curves that corresponded to the Hlα concentrations and
supernatant dilution factors (Figure 4b). On the same device,
the fitted lines for the Hlα and supernatant samples are
parallel, suggesting that the membrane-active components in
the MRSA supernatant share a similar concentration-depend-
ence to the Hlα reference in inducing signal changes on the
CM-FETs (Table S4). Indeed, comparing the slopes of the
Hlα references and the supernatant samples with the F test
showed no statistical significance (p > 0.05, Table S5). Since
the actual concentration of supernatant in terms of hemolytic
toxins is unknown but the concentration of Hlα as an internal
reference is well-defined, the distance between the X-intercepts
of the two parallel linear curves (denoted ΔX) will thus be able
to quantitatively describe the hemolytic activity of a given
MRSA supernatant as an equivalence of the hemolytic activity
of the corresponding Hlα concentration. The ΔX value implies
relative potency of a sample in interacting with the RBC

ACS Nano Article

DOI: 10.1021/acsnano.9b00911
ACS Nano 2019, 13, 3714−3722

3717

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00911/suppl_file/nn9b00911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00911/suppl_file/nn9b00911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00911/suppl_file/nn9b00911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00911/suppl_file/nn9b00911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00911/suppl_file/nn9b00911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00911/suppl_file/nn9b00911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b00911/suppl_file/nn9b00911_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b00911


membranes and can be compared between different samples
and measurements. In the study, the ΔX measured from
supernatant I is significantly higher when compared with those
from supernatant samples II and III, while the ΔX values
measured from the supernatants II and III show no statistical

significance (Figure 4c). This indicates that supernatant I is
less hemolytic than supernatants II and III because it is
equivalent to a much lower Hlα concentration. To further
validate the hemolytic activity measured by the CM-FETs, we
tested the hemolytic activity of undiluted supernatant samples

Figure 4. Quantitative detection and measurement of the hemolytic activity of complex biological fluids with CM-FET. Measurements were
carried out with MRSA bacterial culture supernatants as a model system and Hlα as an internal reference. The Ids change of CM-FETs was
measured after alternately adding Hlα and MRSA supernatant. Both Hlα and the supernatant were 10-fold serial diluted into different
concentrations. (a) Representative Ids−time curves after alternately adding Hlα and MRSA supernatant from low to high concentrations. (b)
Changes in Ids for the Hlα and MRSA supernatant relative to the initial current I0 (ΔIds/I0%) were extracted separately from the Ids−time
curve in (a) and plotted against the dilution factors of the supernatant. Linear fitting of the two curves was applied first (red solid line for
Hlα reference; blue solid line for MRSA supernatant). Then the supernatant sample was fitted linearly with a slope equal to that of the Hlα
(red dashed line). (c) The distance (ΔX) between the linear fitting of the Hlα curve (solid red line) and linear fitting of the supernatant
curve with the same slope of the Hlα was calculated for each device in (b). The ΔX values are used to correlate the measured hemolytic
activity of the supernatant to that of Hlα. (d) To validate the accuracy of such correlation obtained in (c), the actual hemolytic activity of the
three MRSA supernatants was directly measured using a conventional cell-based hemolytic assay.
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using the whole-cell-based assay. The results showed that the
percentage of hemolysis induced by supernatant I was indeed
significantly lower than those induced by supernatants II and
III, while no significant difference of hemolysis was observed
with supernatants II and III (Figure 4d). In addition, the
hemolytic activity measurements using CM-FETs or the
whole-cell-based hemolytic assay correlate well, validating the
feasibility and fidelity of CM-FETs as a sensor to measure the
total hemolytic activity of complex biological samples (Figure
S4).
Correlation of CM-FET Signals with Bacterial Num-

bers. Finally, we verified the correlation of CM-FET detection
signal of hemolytic proteins secreted by pathogens with
pathogen numbers in the sample solution. The hypothesis is
that through such correlation we can rapidly and accurately
determine bacterial numbers (CFU/mL) and types (hemolytic
vs nonhemolytic) in a biological fluid by measuring the
hemolytic toxins secreted by the bacteria rather than using the
traditional agar plate-based culturing method to count bacterial
colonies. To test this hypothesis, MRSA USA300 strain was
chosen as a model pathogen. To determine the sensitivity of
the detection, MRSA bacteria were cultured starting from a
low concentration of approximately 1 CFU/mL and the
supernatants were collected at various time points of growth
for CM-FET measurements (Figure 5a). In the study, ΔIds
remained at the basal level for supernatants collected at no
more than 2 h of growth but increased stepwisely for those
with longer time of culture, indicating a gradual increase of
hemolytic activity as the culture time increased. The measured
CM-FET signals were then correlated to the corresponding
bacterial concentrations. As shown in Figure 5b, the readout of
supernatant from a 4 h culture corresponded to a bacterial
concentration of (1.43 ± 0.83) × 102 CFU/mL, which

represented a detection limit of the CM-FET sensor.
Moreover, when the plot of −ΔIds /I0 was compared to the
linear fitting of logarithms of MRSA concentrations, the
difference between the slopes of the two curves was
insignificant, suggesting a linear correlation between the CM-
FET measured signals and the corresponding bacterial
concentrations (Table S6). To further confirm such
correlation, we performed the same measurements with the
culture supernatants of nonhemolytic Escherichia coli (E. coli)
bacteria (Figure 5c,d). CM-FETs showed no response to the
bacterial supernatant samples collected at various time points
of growth, despite a pronounced increase of the bacterial
concentration with culture times. The lack of response to E.
coli supernatants as opposed to MRSA supernatants confirmed
the selectively of CM-FET toward bacteria that secrete
hemolytic proteins. Overall, this experiment demonstrated
the potential of using CM-FET for direct, rapid, and sensitive
detection of hemolytic pathogens.

CONCLUSIONS
By coating natural RBC membranes onto carbon-nanotube-
based FETs, we made a biomimetic nanosensor for
amperometric detection of membrane-active biological com-
pounds. Through a fusion process, the cell membranes
spontaneously formed a bilayer coating that intimately
interfaces with the FETs. In this design, the RBC membranes
function as a biological substrate that simulates the natural cells
to interact selectively with PFTs. Meanwhile, the FETs serve as
an ultrasensitive transducer that responds to the changes in the
charge distribution around the FET surface upon toxin
absorption. Together, the CM-FETs were capable of rapidly
and sensitively detecting a series of PFTs. When applied to
analyze the MRSA bacterial culture supernatant, the CM-FET

Figure 5. Linear correlation between CM-FET measured signals and bacterial concentrations. (a, b) MRSA USA300 (a bacterial strain that
secretes hemolytic toxins) and (c, d) E. coli DH5α (a bacterial strain that does not secrete hemolytic toxins) were used to test the correlation
between CM-FET signals and bacterial numbers. For each type of bacteria, bacterial culture supernatants were collected at different growth
times and then added onto CM-FETs, and the typical Ids−time curves (a, c) were measured. Values of Ids change relative to the basal level
(ΔIds/I0) were plotted against bacterial growth time and compared with the corresponding bacterial concentrations in the solutions (b, d).
Data represent mean ± SD. In bacterial enumeration, n = 3 independent experiments. In the measurements of ΔIds/I0, values of mean and
SD were derived from five random points on plateaus in (a) and (c).
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device responded selectively to membrane-active toxins
regardless of their structural and chemical characteristics,
therefore demonstrating a function-based detection of
membrane active moieties. We further introduced Hlα of
known concentrations as an internal reference to overcome the
device batch variations. As a result, the CM-FETs were able to
provide quantitative measurements of bacterial supernatants in
correlation with their overall hemolytic activities as well as the
actual bacterial concentrations in the solutions. CM-FETs
provide a fast and accurate readout of “severity”, as illustrated
by quantitative measurements of hemolytic activity in this
study. Such a capability made the CM-FET an attractive device
for direct, rapid, and sensitive detection of live pathogens
without involving traditional colony-counting methods. The
CM-FET can be combined with existing differentiation
technologies for further identification of specific toxins or
pathogens.
The CM-FET developed here distinguishes itself by the

direct use of cell membranes that act as the biological substrate
not only to harness specific biological functions but also to
interface with FET transducers for highly sensitive readout. As
a proof-of-concept study, we selected hemolytic activity as a
specific function to evaluate the design and usage of the CM-
FET. Notably, as the bacteria harness a diverse range of PFTs
with different characteristics for pathogenesis, toward broader
applications, the correlation between the hemolytic activity and
the sensor readout needs to be established based on the
specific bacterial strain. In addition, parameters such as species
and blood groups are known to influence toxin-binding ability
and pore-forming mechanisms.34,35 Therefore, membranes can
be further screened to improve on CM-FET sensitivity. As
plasma membranes can be derived from a variety of cell types
such as platelets, macrophages, cancer cells, and bacterial cells,
the CM-FET can thus be constructed with these membranes
and a similar working principle can be applied to detect and
measure a variety of biological functions and events specific to
the corresponding cell types. Meanwhile, the cell membrane
can be coated onto a wide range of materials with various
structures including nanoparticles,15−17 nanofibers,24 and
autonomous nanomachines,36,37 suggesting the versatility and
potential of cell membranes to interface with various
transducer platforms. Overall, the CM-FET holds promise as
a function-based detection platform for sensitive and
quantitative measurements of bioactive molecules and agents.

MATERIALS AND METHODS
Fabrication of Carbon-Nanotube-Based Field Effect Tran-

sistors. To fabricate the FETs, a 4 in. Si wafer with a 100 nm thermal
oxide layer (SiO2) was used as the substrate. The wafer was soaked in
piranha solution (H2O2/H2SO4 = 1:3, volume ratio) overnight to
remove organic contaminants and to hydroxylate the surface.
Subsequently, the wafer was rinsed with DI water and blow-dried
with N2, followed by annealing at 180 °C on a hot plate for 10 min to
remove the residue moisture. The electrodes were patterned with a
photoresist lift-off technique. Specifically, to pattern the electrode
layout, the wafer surface was first spin-coated with an adhesion
promoter (80/20 primer, MicroChem) followed by spin coating of a
negative photoresist (4000 rpm for 60 s, NR9-3000py, Futurrex).
Photoresist soft bake was carried out on a hot plate at 150 °C for 1
min. Exposure was done via an L-line mask aligner (SussMicrotec
MA6) with 220 mJ dose. Post-exposure annealing at 100 °C for 1 min
was conducted to complete the photoreaction initiated under
exposure. The exposed sample was then immersed in a tetramethy-
lammonium hydroxide developer (RD6, Futurrex) to be fully
developed. For metalization, the sample surface was first cleaned by

oxygen plasma (Trion dry etcher, 50 W, 50 sccm O2, 50 mTorr, 30 s),
followed by deposition of 10 nm of Cr and 100 nm of Au with an
electron beam evaporator (Temescal BJD 1800). Lastly, the sample
was soaked in acetone to lift off the photoresist and the metal
deposited on its surface. The sample was cleaned by rinsing with
acetone, isopropyl alcohol (IPA), and DI water and blow-dried with
N2.

Semiconducting single-walled carbon nanotube solution (ISO-
Nanotubes-S, NanoIntegris Technologies Inc.) was used to deposit
carbon nanotubes onto the surface of the prepared interdigitated
electrodes with a spray-coating method. The edge of the SiO2/Si
wafer was covered with a polyimide shadow mask to avoid shorting
between the bottom silicon and the top carbon nanotube film. Then
the wafer was placed on a hot plate at 180 °C to remove the solvent. A
commercial spray gun (model SB-84 from Master Airbrush) was fixed
on the top of the wafer with a distance of 12 cm, and the airbrush
pressure was around 30 psi. To avoid the merging of sprayed solution,
the carbon nanotube solution was sprayed with a duty cycle of 20% (5
s for each cycle: 1 s for spray and 4 s for solvent evaporation). The
spray coating took 10 cycles to deposit the carbon nanotube layer.
After deposition, the wafer was kept on the hot plate at 180 °C for 3
min to remove any residual solvent. Then the wafer was rinsed with
DI water to remove the surface ionic surfactants and blow-dried.

Fabrication of Cell-Membrane-Coated FETs. The red blood
cell membranes were derived from human whole blood (Zen-Bio
Inc.) based on a previously published protocol.15 Specifically, the
whole blood was first washed with 1× phosphate-buffered saline
(PBS, Corning) containing 1 mM ethylenediaminetetraacetic acid
(EDTA, Sigma-Aldrich) three times to remove the serum and buffy
coat. RBC pellets were then resuspended with 0.25× PBS for a
hypotonic treatment and placed on ice for 20 min. Released
hemoglobin was then removed with centrifugation (8000g for 3
min). The hypotonic treatment was repeated five times. Purified RBC
membranes were finally resuspended in 1× PBS containing 0.2 mM
EDTA and stored in a −80 °C refrigerator for future use. To coat the
RBC membranes onto the FETs, the RBC membranes were first
washed with 1× PBS and then sonicated with a bath sonicator (100
W, FS30D, Fisher Scientific) for 5 min. The resulting solution
containing RBC vesicles was adjusted to a membrane protein
concentration of 1 mg mL−1 and added directly onto the top of the
cleaned FETs. The samples were incubated at 37 °C for 1 h followed
by rinsing with 1× PBS three times. To prepare the cholesterol-
enriched RBC membrane coating, 2 μL of cholesterol in chloroform
(50 mg mL−1, Fisher Scientific) was first added to 100 μL of PBS
solution and mixed well through gentle shaking. Then 50 μL of the
solution was directly added on top of the FETs in place of PBS and
incubated for another 10 min at 37 °C. Bovine serum albumin (BSA,
Sigma-Aldrich) solutions at concentrations of 0.1 mg mL−1 were then
incubated with the CM-FETs for 30 min at room temperature.

Characterization of the CM-FETs. For the vesicle fusion study,
RBC vesicles were fluorescently labeled with DiD (ThermoFisher,
excitation/emission = 647/667 nm) into the cell membrane and
calcein (Sigma-Aldrich, excitation/emission = 495/519 nm) into the
aqueous core. Specifically, DiD was first mixed with RBC ghost at a
mass ratio of 1:1000 (DiD:protein content of RBC ghost), and the
excess dyes were removed through centrifugation at 8000g three
times. The purified ghost at a protein concentration of 1 mg mL−1 was
then mixed with calcein solutions (2 mg mL−1) at a volume ratio of
1:1 and sonicated by bath sonication to make RBC vesicles. The
excess calcein was removed by a G-25 Superdex column (GE
Healthcare Life Sciences). Before and after adding the dual-dye-
labeled RBC vesicles onto the FETs, the fluorescence spectra of both
calcein and DiD were measured by a microplate reader.

For the FRAP study, RBC vesicles labeled with DiD were used to
prepare the CM-FETs following the same procedure as described
above. After cell membrane coating, the FRAP study was conducted
by using a Leica SP5 microscope. A random region of interest
between two electrodes was selected and photobleached by a high
power density of a 663 nm laser using the zoom-in mode. The
fluorescence intensity recovery after photobleaching was monitored.
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Images at different time points were derived from videos, while the
diffusion coefficient (D) was calculated by using the function D =
0.88r2/(4t1/2) (r, radius of photobleaching area; t1/2, time needed to
reach half-maximum fluorescence recovery).25

Electronic Properties of the CM-FETs. The FET was placed on
the stage of a probe station (1160 series, Signatone). A 30 μL amount
of PBS was added on top of the FET, and then three electrodes were
placed, namely, the source (S), drain (D), and Ag/AgCl reference (R)
electrodes. Both the input voltage and output current were controlled
by a source meter (B2912A, Keysight). All of the experiments were
conducted in ambient environment. The characterization was
conducted at the probe station by measuring the Ids−Vg (drain−
source current versus gate voltage) curve under different Vds (drain−
source voltage) for the CM-FET. Vg was relative to the source.
Various curves were obtained by varying the Vg from −0.6 to 0 V. The
Ids was recorded while changing the Vds from −0.6 V to −0.1 V with a
step size of 0.1 V. For the Ids−time curve, we compared the Ids change
of uncoated FET and CM-FET with complete membrane coating as a
function of time. The Vg was 0 V and the Vds was −0.3 V. After
incubating the device with RBC membrane vesicles for 1 h at 37 °C,
the extra membrane vesicles were removed by multiple PBS washings
before Ids was measured.
Toxin Detection Study with the CM-FETs. Stock solutions of

mellittin (Sigma-Aldrich), Hlα (Sigma-Aldrich), and SLO (Bio-Rad)
were prepared by dissolving the toxin dry powders with 1× PBS to a
final concentration of 7.0 × 10−7, 3.0 × 10−5, and 1.4 × 10−5 M,
respectively. Then 10-fold serial dilutions were made from the stock
solutions for the detection study. In the study, BSA was used to block
nonspecific binding sites prior to the measurements. Toxin solutions
were added (1.2 μL each addition) to the CM-FETs from low to high
concentrations. At each concentration, Ids was measured as a function
of time, and ΔIds/I0 (%) was defined as (Ids − I0)/I0 × 100 (I0 is the
initial drain−source current, and Ids is the current after adding the
toxin).
Bacterial Culture. Methicillin-resistant Staphylococcus aureus

(USA300) was purchased from American Type Culture Collection
(ATCC). The bacterial stock was first cultured on tryptic soy broth
agar (TSB, Becton, Dickinson and Company) at 37 °C overnight.
Then a single colony was selected and inoculated into 5 mL of TSB
medium in culturing tubes (VWR) under shaking at 37 °C for 12 h.
Then the bacterial culture in the tubes was transferred to a 200 mL
culturing flask (Fisherbrand) and cultured for another 48 h. For batch
A supernatant, we harvested 4 mL of the culture supernatant after 6 h
of incubation (supernatant I) and 48 h of incubation (supernatant II),
respectively. For batch B supernatant, we harvested 4 mL of the
culture supernatant after 36 h of incubation (supernatant III).
Bacteria were enumerated by measuring the optical density (OD) at
600 nm (OD600 nm of 1 = 1 × 108 bacteria mL−1). Then the
supernatant was harvested with centrifugation at 5000g for 5 min and
stored at −80 °C for future use.
Hemolysis Quantification with the CM-FETs. Serial 10 times

dilution of Hlα solution (Sigma-Aldrich, 3.03 × 10−5 M, stock
concentration) and MRSA culture supernatant were made. In the
study, BSA was used to block nonspecific binding sites prior to the
measurements. First, we alternately added Hlα and MRSA super-
natant from low to high concentrations, and Ids change was recorded
as a function of time. The Vds for each device was set at −0.3 V.
Second, the Ids change (ΔIds) corresponding to Hlα or MRSA
supernatant was extracted; then the accumulated ΔIds divided by I0
(ΔIds/I0, I0 is the initial current between the drain and source) was
plotted against the dilution factors of MRSA supernatant. Third, for
the data fitting, two linear curves corresponding to Hlα (red solid
line) and MRSA supernatant (blue solid line) were generated through
linear regression; then a linear regression fitting with slope
constrained to equal the value of the Hlα was applied for the
MRSA supernatant (red dashed line). The F test was applied for
testing the difference of the two linear fitting curves of the MRSA
supernatant (blue solid line, without constrained slope; red dashed
line, with constrained slope) to evaluate whether there is statistical
significance (significance level was set at 0.05). Fourthly, the distance

between the two parallel linear curves (red solid line for Hlα and red
dashed line for MRSA supernatant) was calculated (denoted ΔX).
The actual amount of hemolytic toxins in a supernatant sample is
unknown, but the concentration of Hlα as an internal reference is
well-defined. Therefore, the distance between the two parallel linear
curves, ΔX, will thus be able to quantitatively describe the hemolytic
activity of a given MRSA supernatant at the equivalence of the
hemolytic activity of corresponding Hlα. Lastly, a conventional
hemolytic assay using 5% packed RBCs was used to evaluate the
hemolytic activity of the MRSA supernatants. Human packed RBCs
(Zen-Bio, Inc.) were first diluted in PBS at a volume ratio of 1:20
(whole blood:PBS) to get a 5% RBC suspension, which was later
washed by PBS six times to remove the possible released hemoglobin
from the RBCs at 800g for 3 min each time.

Correlation of CM-FET Signal with Bacterial Concentra-
tions.MRSA bacteria (USA 300, ATCC) were first inoculated onto a
tryptic soy broth (Becton, Dickinson and Company) agar plate and
incubated at 37 °C overnight. Following the incubation, a single
colony of MRSA bacteria was selected and inoculated into 5 mL of
fresh TSB medium. The medium was shaken for 12 h at 37 °C until
an optical density at 600 nm (OD600) value of 1.0 (equivalent to 1 ×
108 cells/mL) was achieved. The bacteria were then added to 200 mL
of fresh TSB medium to a bacterial concentration of 1 colony
formation unit (CFU)/mL, followed by culturing at 37 °C with gentle
shaking. At 0, 0.5, 1, 2, 4, 6, 8, 10, 12, 14, and 24 h of the culture, 1.3
mL of the culture medium was taken. The medium (1 mL) was spun
at 4000g to remove the bacteria, and the supernatant was collected for
the measurement of hemolytic activity with CM-FET. Meanwhile, the
remaining medium (0.3 mL) was serially diluted. MRSA bacteria were
enumerated by counting bacterial colonies on agar plates and adjusted
for dilutions. Studies with Escherichia coli (E. coli, DH5α competent
strain, ATCC) bacteria were performed with the same procedure,
except that lysogeny broth agar plates and medium were used for the
bacterial culture.
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