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ABSTRACT: Tuberculosis (TB) is still threatening millions of F ?
people’s lives, especially in developing countries. One of the major
factors contributing to the ongoing epidemic of TB is the lack of a
fast, efficient, and inexpensive diagnostic strategy. In this work, we
developed a semiconducting single-walled carbon nanotube
(SWCNT)-based field-effect transistor (FET) device functionalized
with anti-Mycobacterium tuberculosis antigen 85B antibody (Ab85SB)
to detect the major M. tuberculosis-secreted antigen 85B (Ag85SB).
Through optimizing the device fabrication process by evaluating @ ,.o55 v AbBSE N
the mass of the antibody and the concentration of the gating

electrolyte, our Ab85B-SWCNT FET devices achieved the

detection of the Ag85SB spiked in phosphate-buffered saline (calibration samples) with a limit of detection (LOD) of 0.05 fg/
mL. This SWCNT FET biosensor also showed good sensing performance in biological matrices including artificial sputum and can
identify Ag85B in serum after introducing bovine serum albumin (BSA) into the blocking layer. Furthermore, our BSA-blocked
Ab85B-SWCNT FET devices can distinguish between TB-positive and -negative clinical samples, promising the application of
SWCNT FET devices in point-of-care TB diagnostics. Moreover, the robustness of this SWCNT-based biosensor to the TB
diagnosis in blood serum was enhanced by blocking SWCNT devices directly with a glutaraldehyde cross-linked BSA layer, enabling
future applications of these SWCNT-based biosensors in clinical testing.
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uberculosis (TB), caused by Mycobacterium tuberculosis with ESAT-6 and CFP-10 antigens that are quite specific for

(MTB), is a highly contagious and airborne disease M. tuberculosis.” Among them, a chest X-ray shows low
spread through the air when a patient coughs, speaks, or sensitivity to latent TB; the Mantoux test needs several days
sneezes.' According to the World Health Organization, MTB before result reading and the accuracy of it depends on
is one of the infectious agents that kill the most people in the previous vaccinations. Although the molecular and functional
world, and TB remains a leading cause of morbidity and immunological assays have high specificity, sensitivity, and
mortality in many developing countries.”” TB is clinically accuracy, they are time-consuming and require specialized
dichotomized into active TB and latent TB forms.* Latent TB equipment, reagents, and operators, making them inappro-
is the case where the concentration of MTB is too low to show priate for developing regions and limiting their widespread use.

symptoms. The latest data from the Centers for Disease At the forefront of d.igitﬁl health techno?ogy, the're is an
Control and Prevention show that there are 13 million people urgent demand for a rapid, simple, and effective TB diagnostic

with latent TB in the USA, who, if left untreated, can turn into method. Nanobiosensors, the analytical detection tools based

active TB. Thus, the early diagnosis of TB is essential in on funcjclonal nanomflteljlalsl th}?t transduce b1911()g1ca1 e
preventing its burden. sponses into measurable signals, have great potential to satisfy

Currently, TB diagnosis focuses on screening tools (ie, the above requirements and have been applied in TB diagnosis

chest X-ray), the detection of bacilli by microscopic techniques through the ~detection of MTB-specific DNA, cells, or
(i.e, smear microscopy) and bacterial growth cultures,

detection of host immune response to the pathogens in the Received: December 14, 2023
skin (i.e., Mantoux or Pirquet test), and bacterial nucleic acid Revised:  February 22, 2024
amplification methods.”~” The interferon-y release assays like Accepted:  February 29, 2024

QuantiFERON-TB Gold Plus, widely used in the USA and Published: March 14, 2024
Europe, can also diagnose TB by detecting IFN-y secretion
from the collected blood lymphocytes after their stimulation

© 2024 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acssensors.3c02694

W ACS Publications 1957 ACS Sens. 2024, 9, 19571966


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jieyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenting+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhengru+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganesh+Kesavan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zidao+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+R.+Shurin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Star"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Star"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.3c02694&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02694?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02694?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02694?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02694?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02694?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ascefj/9/4?ref=pdf
https://pubs.acs.org/toc/ascefj/9/4?ref=pdf
https://pubs.acs.org/toc/ascefj/9/4?ref=pdf
https://pubs.acs.org/toc/ascefj/9/4?ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssensors.3c02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Sensors

pubs.acs.org/acssensors

=——AbBSB-SWCNT RBM — ADB5B-SWCNT
(a) / (d) —— EDCINHS Activation (e) T e son
w SWCNT —— Bare-SWCNT ——Bare-SWCNT
Vg '
Y Antibody 858 ee——— ] oeaor ©
o=
Antigen 858 3 5 S
- s A
= ’-_/\/\.\/M >
3 3
2 g I, =0059 O
£ = G
151=0037 D
- - - - T v T T
100 150 200 250 300 350 1000 1200 1400 1600 1800 2000
Raman Shift (cm™) Raman Shift (cm™)
17.8 nm N1s h O1s i 2844(C=C) C1s
(g) 399.4 (0=C-N) ( ) 532.3(C-0) ( ) \
150 \ 5333(v-C=0) 531.4(00)
AbBSB-SWCNT 7/ \ A . 285.5(C-N)
10.0 = = = 288.2(C=0) .//
S S 532.3(C-0) & [Ab8SB-SWCNT \ A
> > >
B > ¥ 284.4(C=C)
5.0 $ | Ab85B-SWCNT S H D
= = =
0.0
Bare-SWCNT 288.6(C=0)
N ‘M "~ m m*«Mw' ff“h Bare-SWCNT Bare-SWCNT 1
-5.0 T T T T T T T T T T T
408 404 400 39 392 540 536 532 528 297 294 291 288 285 282
-93 Binding Energy (eV)

Binding Energy (eV) Binding Energy (eV)

Figure 1. Characterization of Ab8SB-SWCNT FET devices. (a) Schematic illustration of a Ab8SB-SWCNT FET for detection of MTB antigen
Ag8SB. Interdigitated gold electrodes (yellow blocks) contacting a network of SWCNTs are configured as the source (S) and drain (D) electrodes.
The source—drain voltage (V,4) is SO mV. Gate voltage (V) is applied through an Ag/AgCl reference electrode inserted into the gating electrolyte.
(b) Scanning electron microscopy (SEM) image of a bare-SWCNT FET device. (c) SEM image of SWCNT network deposited between
electrodes. (d) RBM region and (e) D and G peak regions of Raman spectra of the SWCNTs during functionalization. The RBM region was
recorded using a 785 nm excitation laser. All spectra were normalized to the Si peak at 520 cm™". D and G peak regions were recorded using a 638
nm excitation laser. All spectra were normalized to the G peak at 1569 cm™. (f) AFM image of an Ab85B-SWCNT FET device. (g) High-
resolution XPS spectra of N 1s of the bare-SWCNT and Ab8SB-SWCNT FET device. (h) High-resolution XPS spectra of O 1s of the bare-
SWCNT and Ab85B-SWCNT device, and (i) C 1s of the bare-SWCNT and Ab85B-SWCNT device with deconvolutions of the overall signal.

antigens.”'® Korri-Youssoufi’s group fabricated carbon nano-
tube- and nanowire polypyrrole (nw-Ppy)-based biosensors.
Both sensors were functionalized with PAMAM dendrimers,
ferrocenyl group, and DNA probe and successfully detected
the MTB DNA in real samples by cyclic voltammetry (CV)
and square wave voltammetry (SWV).'"'* Although DNA
detection provided high specificity in TB diagnosis, the real TB
samples needed pretreatment like amplification by polymerase
chain reaction (PCR) before sensing, which is complex and
time-consuming. Kahng et al. tried to develop an immune-
resistive biosensor to screen the MTB cells and the MTB
antigen MTP64 through the functionalization of carbon
nanotubes with specific antibodies.”> The LODs were 10
CFU/mL for cells and 100 ng/mL for MPT64 in tongue swab
samples within 30 min. This work promises the application of
cells or antigens as the biomarker in TB screening but shows
low sensitivity. Furthermore, when antibodies are used as
receptors, antigens are more favorable than cells as biomarkers
due to antigen—antibody-specific interactions, which can
decrease the LOD and increase the specificity, motivating
their use in TB diagnostics.”’15 For instance, Bakhori et al.
developed a nanobiosensor fabricated with antibody and CdSe-
ZnS quantum dots/silica nanoparticles/screen-printed carbon
electrode-modified electrode to detect the CFP10-ESAT-6
antigen complex.'® The LOD was improved to 0.15 ng/mL by
linking enzyme catalase to the electrode and measuring
generated differential pulse voltammetry (DPV) currents.
Field-effect transistor (FET)-based biosensors are increas-
ingly recognized as a promising type of biosensor for their
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ability to provide rapid, sensitive, label-free, and highly specific
detection of analytes.'” In 2016, Saengdee et al. developed a
FET-based immunosensor for the detection of antigen 85
complex B (Ag85B), which is the major MTB-secreted product
and has a high potential for binding to anti-TB antibodies."*~*°
Through the integration of the silicon nitride layer and
glutaraldehyde, the monoclonal antibody against recombinant
Ag85B protein was immobilized onto the biosensor for antigen
detection, and the LOD was determined as 0.12 pg mL™".
Recently, Ma et al. built a silicon nanowire-based field-effect
transistor (SINW-FET) biosensing platform to detect the
MTB.” Based on the binding between Ag85B and anti-Ag85B
antibody, their biosensor showed good sensitivity and obtained
responses from sputum samples of TB patients. These studies
demonstrated the feasibility of TB diagnosis through the
detection of MTB antigen—antibody interactions using
nanomaterial-based FET biosensors.

Since 1998, single-walled carbon nanotubes (SWCNTs)
have been utilized to create FETSs, showcasing outstanding
performance in biosensing owing to their unique physical
properties.”””> With an averaged diameter of approximately 1
nm, SWCNTs are comparable in size to biomolecules. They
also exhibit relatively low charge-carrier density and high
intrinsic carrier mobility that are preferred in detecting
electrostatic interactions and charge transfer during biological
processes.24‘25 In contrast to other FET functional nanoma-
terials, such as graphene, silicon nitride, and silicon nanowires,
SWCNTs with their extremely small diameter can reduce gate
leakage and demonstrate high conductivity, biocompatibility,
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Figure 2. (a) Relative responses after adding 10 L (100 pg/mL) of Ag85B solutions onto the SWCNT devices functionalized with different

. I-1 . . . .
amounts of Ab85B; relative response = I—O All data points plotted in the histogram are mean + standard error of the mean based on 3 devices.
0

(b) Calibration plots showing the effect of the gating electrolyte on the Ag85B detection. All data points plotted in the calibration plots are mean +

standard error of the mean based on S devices.

charge mobility, and stability.”*"*° Additionally, a variety of
proteins have been reported to be attached onto the sidewalls
of SWCNTs through noncovalent (e.g, 7—z stacking or
polymer wrapping) or covalent functionalization (e.g.,
fluorination of SWCNTSs or protein coupling via carboxyl
groups), making SWCNTs well-suited for biosensing.’’™
Several researchers have fabricated SWCNT FET biosensors
for medical applications, including the detection of SARS-
CoV-2 antigens, cancer exosomal miRNA, and Alzheimer’s
disease biomarkers, demonstrating LOD comparable to that of
sophisticated methods like nucleic acid amplification tests
(NAATs) and enzyme-linked immunosorbent assay
(ELISA).>* ™%

Herein, we present an anti-MTB antigen 85B antibody-
functionalized SWCNT (Ab85B-SWCNT) FET device to
detect the major MTB-secreted antigen 85B (Ag85B) in
biological fluids. Fabricated from commercial semiconductor-
enriched SWCNTs, our FET devices had a high on/off ratio of
~10* Taking advantage of the presence of carboxyl groups on
the sidewalls of commercial SWCNTSs, Ab85B was function-
alized onto SWCNT's through EDC/Sulfo-NHS coupling. To
obtain the optimal sensing result, the mass of the antibody to
decoration and the ion concentration of the gating electrolyte
were investigated with calibration samples. Our calibration
plots demonstrated that the Ab8SB-SWCNT FET device could
successfully detect Ag85SB spiked in phosphate-buffered saline
(PBS) with an LOD of 0.05 fg/mL. As current TB diagnostic
methods concentrate on detecting MTB in sputum and serum
matrices, we evaluated the performance of our Ab8SB-
SWCNT FET devices in artificial sputum and serum samples
spiked with varying concentrations of Ag85B. The device can
identify the presence of Ag85B spiked in artificial sputum.
Moreover, bovine serum albumin (BSA)-blocked Ab8SB-
SWCNT FET devices can detect Ag8SB spiked in serum
and can distinguish TB-positive clinical samples from negative
samples under 10 min with portable Metrohm potentiostat,
highlighting the potential practicality of our biosensor for TB
diagnosis. The robustness of the Ab85B-SWCNT devices to
biofluids was further enhanced by integrating a BSA cross-
linking blocking layer onto SWCNT networks. The Ab8SB-
cBSA-SWCNT FET device can undergo 12 serum tests
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without the blocking layer being washed away. This approach
will provide opportunities for the development of robust
biosensors for medical diagnostics.

B RESULTS AND DISCUSSION

Characterization of Ab85B-SWCNT FET Devices. Anti-
MTB Ag8SB antibody-functionalized SWCNT (Ab85B-
SWCNT) FET devices for specific detection of Ag85B protein
were fabricated on silicon chips with gold interdigitated
electrodes (IDEs) (Figure 1a). SWCNTs were deposited using
dielectrophoresis (DEP) between the IDEs (Figure 1b).
Scanning electron microscopy (SEM) imaging reveals the
formation of interconnected networks of carbon nanotubes
between the fingers of IDEs (Figure 1c). Through 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide/N-hydroxysulfosuc-
cinimide (EDC/sulfo-NHS) coupling, carboxyl groups on
SWCNTSs were activated into amine-reactive O-acylisourea
intermediates, where Ab85B was conjugated.”® Raman spec-
troscopy tracked the activation of carboxyl groups and
functionalization of Ab85B proteins. Several peaks were
observed in the radial breathing mode (RBM) region (150—
250 cm™), su%§esting the diameter distribution of SWCNT's
(Figure 1d).>””" The decrease of peak intensity in the RBM
region indicated the successful EDC/sulfo-NHS coupling and
antibody conjugation because the functionalization broke the
symmetry of SWCNT.”” The Raman spectra also featured the
D peak (1302 cm™') and G peak (1569 cm™), and the ratio
between the intensities of D and G peaks (Ip,/I;) reflected the
defects on SWCNTs (Figure le).’” The observed increase of
I /I corresponded to the increase in defect degree caused by
the antibody functionalization. The antibody decoration was
also characterized by atomic force microscopy (AFM) (Figures
1f, S1, and S2). Based on the calculation of 20 AFM height
profiles, the surface height increased by 4.05S nm after the
decoration of Ab8SB (Figures S3 and S4), indicating the
successful conjugation of Ab85SB to carbon nanotube sidewalls.
X-ray photoelectron spectroscopy (XPS) has provided further
evidence of Ab8SB conjugation onto SWCNTs. After the
immobilization of Ab85B onto SWCNTSs, the O=C-N
(399.4 eV) peak appeared in the XPS spectra of N 1s (Figure
1g). Before incorporating Ab85B onto SWCNT, the C—O
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Figure 3. Detection of Ag85B protein in PBS. (a) FET characteristic curves of an Ab8SB-SWCNT FET device upon exposure to increasing
concentrations of Ag85B in PBS. (b) Calibration plot for Ag85B detection, effect from solvent and nonspecific binding detection. All data points
plotted in the calibration plots are mean =+ standard error of the mean. The number of devices (n) used is indicated in the parentheses.

(532.3 eV) peak in O 1s XPS spectra indicated the presence of
defects on SWCNTs. After it, N—=C—O at 533.3 eV, C—O at
532.3 eV, and COO™ at 531.4 eV can be identified in the
Ab85B-SWCNT O 1s XPS spectra by deconvolution of a
single broad peak, demonstrating the successful functionaliza-
tion of carbon nanotubes with antibodies (Figure 1h).*" The
C—N (285.5 eV) peak was also observed in the deconvoluted
C 1s XPS spectra due to the introduction of Ab85B (Figures 1i
and SS).

Optimization of Device Functionalization. One
important factor that contributes to the sensitivity of
SWCNT-based FET biosensors is the Debye screening
length."' The principle of Debye screening is stated in
Supporting Information (SI). One strategy toward mitigating
the Debye screening effect is to optimize the loading of Ab85B
on the SWCNT surfaces so that the available binding sites can
be maximized while keeping the height of the biorecognition
layer within the Debye screening length. To accomplish this
optimization step, we incubated activated bare-SWCNT
devices with 0 (control), 0.5, 2.5, S, 7.5, and 10 pug Ab8SB
for 12 h. After blocking, these devices were immersed in 10 uL
of Ag8SB solution (100 pg/mL in PBS) before FET
measurements. The histogram of the relative response vs
mass of Ab85B used is presented in Figure 2a. We observed
that the response showed a rising trend when we added Ab85B
from O to S ug, demonstrating a gradual saturation process for
the loading of Ab85B on SWCNT devices. However, the
response decreased from 534.1 to 27.88% when the mass of
ADb8SB was further added to 10 ug, implying the antibody—
antigen interactions cannot be detected by SWCNT devices,
which may be due to the formation of a new antibody
configuration where the excess antibody proteins stayed
nonspecifically on the device, leading to the biorecognition
layer away from the Debye length. To prove the hypothesis, we
performed FET measurements on SWCNT devices before and
after the antibody functionalization. The calibration plot
(Figure S6) showed a decreasing trend first (0—S ug), which
can be explained as the change of electronic properties of the
metal—nanotube contact due to protein adsorption.42 Then,
the response became relatively stable, proving the antibody
loading saturation happened when 5 pg of Ab85B was
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introduced onto SWCNT devices. We further characterized
SWCNT devices with different amounts of antibody by
fluorescence microscopy. As Figure S7 shows, the fluorescence
intensity of 10 ug-Ab85B SWCNT devices was higher than §
4ug-Ab8SB SWCNT devices, indicating the existence of excess
antibodies on the biosensor. Therefore, we chose to use the S
ug Ab8SB in the following antibody functionalization.

Liquid gating has been extensively utilized in our previous
works as it is a favorable technique for biosensing, generating
higher transconductance than back gating and reducing
3HAITHC The gating electrolytes of different concen-
trations have different ionic strength I, which thus give
different Debye screening lengths, as stated in SI. Therefore,
we explored the effect of a series of PBS solutions (1X to
0.001x PBS) as the gating electrolyte for the detection of
Ag85B by Ab85B-SWCNT FET devices. The calibration plot
showed that when using 0.01X PBS as the gating liquid, the
relative response was significantly larger than other gating
electrolytes (Figure 2b). Previous studies have concluded that
the sensing responses optimized when the distance of the
bound charges in receptor—ligand complexes to the SWCNT
surface was within the Debye screening length.”"*”** After the
introduction of Ag85B, it would bind specifically to the Ab8SB.
Therefore, we could assume the height of bound charged
species as the average height of the antibody (4.05 nm), which
is within the Debye screening length of 0.01X PBS (7.4 nm)
and 0.001X PBS (20 nm). However, the relative response of
0.001X PBS was not satisfactory, possibly because the low ion
concentration is not favorable to the protein binding.”'

Detection of Ag85B in PBS. After finding the optimal
factors for device fabrication, we investigated the performance
and sensing mechanism of the Ab85B-SWCNT FET devices
for the detection of Ag85B proteins spiked in PBS as a
calibration. Figure 3a shows the FET transfer characteristics,
ie, I — V, curves, of an Ab85B-SWCNT FET device after
exposure to Ag8SB solutions (1 fg/mL to 100 pg/mL). With
the increasing antigen concentration, the characteristic curves
shifted to more positive gate voltages, the threshold voltage
showed an increasing trend (Figure S8), and the curve’s linear
region slope decreased (Figure S9). All of these changes can be
explained as the adsorption of negatively charged Ag8SB (pI =

noise.
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Figure 4. Detection of Ag85B protein in complex matrices. (a) FET characteristic curves of Ab8SB-SWCNT FET devices upon exposure to
increasing concentrations of Ag8SB in artificial sputum. (b) Calibration plot showing the detection of Ag85B in artificial sputum and the
corresponding control experiment studying the effect of artificial sputum. (c) FET characteristic curves of BSA-blocked-Ab85B-SWCNT FET
devices upon exposure to increasing concentrations of Ag8SB in human peripheral blood serum and (d) calibration plot showing the detection of
Ag8SB in serum and the corresponding control experiments studying the nonspecific interactions. (e) Specificity test of BSA-blocked-Ab8SB-
SWCNT FET devices. Control: pure serum (10 xL); experimental: Ag85SB, SARS-CoV-2 NAg, and SARS-CoV-2 SAg (all proteins are 10 L, 1 ng/
mL in serum). (f) The relative responses after adding 10 L of TB clinical blood samples onto the SWCNT FET devices. All data points plotted in
the calibration plots are mean + standard error of the mean and the number of devices (n) used is indicated in parentheses.

5.5) onto SWCNTs, inducing positive charges, p-doping
SWCNTSs, and increasing the mobility.””™>* The calibration
curve for the detection of Ag85B proteins spiked in PBS is
depicted in Figure 3b. The calibration curve was linearly fit (y
0.4066 X log(x) + 6.6724), and a linear correlation
coefficient of 0.9804 was obtained (Figure S10), showing a
large dynamic range of this Ab85B-SWCNT device. The
calibration sensitivity, defined as the slope of the calibration
curve, is 0.4066. Furthermore, nonspecific binding was
investigated by examining the responses of bare-SWCNT
FET devices to Ag85B spiked in PBS. The influence of solvent
was also explored by incubating Ab8SB-SWCNT FET devices
with pure PBS 12 times. The extremely low relative responses
of these two control experiments shown in Figure 3b proved
that relative responses of the Ab8SB-SWCNT FET devices
upon exposure to Ag8SB solution came from the specific
binding between Ab85B and Ag85B. To determine the LOD of
Ab85B-SWCNT FET devices, we repeated measuring the
signal of a blank device for 20 times (Figure S11).>* Based on
the signal that exceeds 3 times the noise response, the log scale
of the LOD was log(x) = —16.3 (Figure S10). Therefore, the
LOD was antilog(—16.3) = S X 107" or 0.05 fg/mL, which is
lower than the immune—polymerase chain reaction (I-PCR)
method.”*

Detection of Ag85B in Complex Matrices. Our Ab85B-
SWCNT FET devices were further studied to assess the
detection of Ag85B proteins spiked in artificial sputum. The
artificial sputum was prepared with 1 wt % methyl cellulose.”
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Figure 4a shows the I — V, curves of the Ab8SB-SWCNT FET
device after exposure to Ag85B solutions in artificial sputum.
Similar to the detection of Ag85B in PBS, a shift of the curves
toward more positive gate voltage was observed, suggesting the
successful detection of Ag85B proteins in artificial sputum. The
calibration curve for the detection of Ag8SB proteins in
artificial sputum was plotted (Figure 4b) and further linearly
fitted (Figure S12). Compared with the calibration plot of
calibration samples, relatively larger error bars and smaller
response change, calibration sensitivity (0.1197), and linear
correlation coefficient (0.9683) were observed due to the effect
of artificial sputum. Therefore, we further evaluated the
performance of our Ab85B-SWCNT FET devices with the
control experiment by exposing them to pure artificial sputum
12 times, and the calibration curve is plotted in Figure 4b. The
difference of the relative responses between the experimental
and control groups was observed from 1 fg/mL, implying that
our devices could detect Ag8SB at relatively low concen-
trations in artificial sputum samples. Despite the difference in
responses, the increasing response from pure artificial sputum
could not be ignored. The possible reason was that the
negatively charged methyl cellulose (pI 4.6) brought
additional hole carriers to the SWCNTs; thus, the devices
were p-doped due to electrostatic gating effect.*®

We also tested our Ab8SB-SWCNT FET device for the
detection of Ag85SB spiked in human peripheral blood serum
(Figure S13). A control experiment examining the interference
from serum to the biosensor was also performed. The response
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Figure S. Detection of Ag85B protein in human peripheral blood serum with Ab85B-cBSA-SWCNT FET devices. (a) Schematic illustration of
device surface functionalization process. (b) FET characteristic curves of an Ab85B-cBSA-SWCNT FET device upon exposure to increasing
concentrations of Ag85B in serum. (c) Calibration plot for Ag85B detection, effect from serum and nonspecific binding detection. All data points
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trend for detecting Ag85B in serum with Ab85B-SWCNT FET
devices deviated from the trend for detecting Ag85B in PBS
and overlapped with the control group trend, indicative of a
compromised sensing capability toward Ag85B in human
serum. This can be attributed to the nonspecific binding of
serum components, such as albumin and globulin, to the
device surface, causing interfering responses in the device, even
though a blocking buffer with Tween 20 and PEG was applied.
Therefore, the enhancement of the blocking buffer is essential
for the test in the human serum.

To eliminate the influence of serum, we introduced serum,
nonfat dry milk (NFDM), BSA, and BSA&NFDM into the
Tween 20-polyethylene glycol (PEG) blocking buffer.”*” To
compare with the detection of Ag85B in PBS, we tested Ag85B
in serum from 1 fg/mL to 100 pg/mL for each order of
magnitude with Ab85B-SWCNT FET devices blocked by
these four kinds of blocking buffers. The resulting calibration
plot for detecting Ag8SB protein in serum is presented in
Figure S14. The negative relative response produced by serum-
blocked Ab85B-SWCNT FET devices demonstrates the failure
of Ag85B detection, which may be due to the excessive
blocking by serum. The calibration plot for BSA-, NFDM-, and
BSA&NFDM-blocked Ab85B-SWCNT FET devices exhibited
the same increasing trend in the few concentration measure-
ments at the beginning. However, then the calibration curves
for all three kinds of devices showed a decreasing trend. This
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phenomenon could be attributed to the number of tests
performed or other experimental factors. To obtain a
calibration curve and explore the dynamic range, we typically
test antigen solutions from 1 fg/mL to 100 pg/mL, covering
each order of magnitude from low to high. In this experiment,
we performed 12 tests to detect 12 different concentrations of
Ag85B solutions. However, due to the incubation and washing
process, which may cause the dissociation of NFDM or BSA
and the recovery of serum influence, we observed a reduction
in relative response after a certain number of tests. To test this
hypothesis, we performed Ag85B detection from 1 fg/mL
while reducing the number of tests to 6, 4, and 3 by adjusting
the concentrations used in the detection with BSA-blocked-
Ab8SB-SWCNT FET devices. A control experiment testing the
nonspecific bindings between the devices and serum was also
performed. During the six-test experiment, we observed a
decrease in relative response starting from the fifth test (100
ng/mL) as shown in Figure S1S. Additionally, a difference in
relative responses between the experimental and the control
group was observed as early as 1 fg/mL. On the other hand,
when we performed four tests, only an increasing trend of the
relative response was observed, as shown in Figure S16. Based
on this evidence, we can conclude that the decrease in relative
response was not dependent on a specific concentration but
rather related to the number of tests performed. To mitigate
this influence, we decided to test the performance of our
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devices in detecting Ag8SB in serum by evaluating three
different concentrations (1 fg/mL, 1 ng/mL, and 100 ug/mL)
using the BSA-blocked-Ab85B-SWCNT FET devices. As
shown in Figure 4c, the I — V, curves of the device after
exposure to Ag85B in serum shifted toward a more positive
gate voltage, similar to the detection of Ag8SB in PBS,
demonstrating the successful detection of Ag8SB protein in
serum. Figure 4d shows the calibration curve for the detection
of Ag85B in serum along with the calibration curve depicting
the effect of serum on our devices and the nonspecific binding
between the antigen and electrode. The different trends in the
experimental and control groups further demonstrated the
feasibility of the BSA-blocked-Ab85B-SWCNT FET devices in
detecting Ag8SB in serum.

To further evaluate the specificity of BSA-blocked-Ab85B-
SWCNT FET devices to Ag85B, an interference test was
performed. The pure serum (10 uL) was incubated onto
sensor chips for 10 min as the control group. Due to the
Coronavirus disease 2019 (COVID-19) pandemic, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
nucleocapsid protein (N antigen, NAg) and SARS-CoV-2
spike protein (S antigen, SAg) (10 yL, 10 ng/mL in serum)
were chosen as related proteins for this specificity test. As
Figure 4e shows, the relative responses from NAg and SAg
were significantly lower than those from Ag85B, implying the
high specificity of our BSA-blocked Ab85B-SWCNT devices to
Ag8SB.

Detection of TB Clinical Samples. The BSA-blocked-
Ab8SB-SWCNT FET devices were further tested with TB
clinical samples. One positive sample and one negative sample
were tested separately with our potable TB detection device
compositing of SWCNT FET devices and a Metrohm
potentiostat (Figure S17). After the 10 min sample incubation,
the device can give the result in several seconds. Figure 4f
shows the relative response of the biosensor for the detection
of TB-positive and -negative clinical samples. The histogram
demonstrates that our portable biosensor can distinguish
between the TB-positive and -negative samples successfully
with a p-value of 7.0446 x 107* (a = 0.05) and has the
potential in TB POC diagnosis.

Enhancement of SWCNT Device Robustness. To
promote our biosensors in clinical diagnosis, the robustness
of the devices to biofluids and the stability of the blocking layer
should be improved (i.e., blocking layer binding tightly to
devices and hard to be washed away). Previous work has
demonstrated that the mixture of nanotube/BSA/glutaralde-
hyde (GA) can be a stable and antifouling biosensor coating
layer due to the formation of a thick and porous BSA matrix
around the nanotube, which could greatly reduce the
nonspecific binding at the same time.”® Inspired by it, we
tried to bind BSA directly onto the SWCNT's and then cross-
link BSA with GA. Balavoine et al. demonstrated that the
streptavidin proteins could adsorb on CNTs through non-
covalent hydrophobic interactions.”” Therefore, the SWCNT
FET device was first blocked with a BSA cross-linking layer
noncovalently for Ag85B detection. The results are shown in
Figure S18, and the variation in response trend could still be
seen after a few tests, implying the weak affinity between
SWCNTs and BSA proteins. Thus, we decided to bind the
BSA cross-linking layer to SWCNTSs covalently through EDC/
Sulfo-NHS coupling. The surface functionalization process of
the Ab85B functionalized-cross-linked BSA-blocked-SWCNT
(Ab8SB-cBSA-SWCNT) FET devices is shown in Figure Sa.
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SEM imaging characterized the process of BSA binding and
cross-linking. Figure S19 shows the BSA proteins binding to
SWCNT devices. After the introduction of GA to BSA, a dense
layer covering SWCNT and aggregated particles was observed
on the device surface (Figure S20), which was further
characterized by fluorescence images. As Figure S21 shows,
our devices exhibited green and red fluorescence, confirming
the existence of a BSA cross-linking layer and some aggregated
BSA protein.®

To evaluate the performance of our Ab85B-cBSA-SWCNT
FET devices, we tested Ag85B in serum from 1 fg/mL to 100
pug/mL for each order of magnitude. Although the addition of
the BSA cross-linking layer between SWCNT and Ab85B
increases the height of the biorecognition layer, it also helps
mitigate the Debye screening effect. Due to the high cost of
entropy for ion partition from the solution to the cross-linking
layer, the concentration of ions is significantly smaller at the
interface between the cross-linking layer and the solution.®"**
Therefore, the Debye screening length is increased and is
higher than the biorecognition layer. Thus, we still choose
0.01x PBS as the gating liquid. Figure Sb shows the I — V,
curves of an Ab85B-cBSA-SWCNT FET device after exposure
to Ag85SB solutions, and a shift of the curves toward more
positive gate voltage was observed, suggesting the successful
detection of Ag85B in serum. The corresponding calibration
curve is plotted in Figure Sc and presents a single increasing
trend similar to the detection in PBS. Compared with BSA-
blocked Ab85B-SWCNT devices, the Ab85B-cBSA-SWCNT
FET device can withstand 12 tests without the blocking layer
being washed away, demonstrating the improved robustness of
SWCNT-based biosensors and stronger evidence of the large
dynamic range of SWCNT FET devices in detecting Ag85B in
human serum. The effect of serum on the devices and
nonspecific bindings between the cBSA-SWCNT device and
Ag85B were also evaluated as control experiments and are
plotted in Figure Sc. The deviation in the relative responses
between the experimental and control groups can be observed
from 1 fg/mL, indicating the increasing response trend coming
from the antigen—antibody interactions and good sensitivity of
the Ab85B-cBSA-SWCNT FET device. Further improvement
of this approach would involve optimization of the ratio
between SWCNT, GA, and BSA to maintain good robustness
while minimizing the blocking layer thickness and maximizing
the sensor response. Additionally, antibody fragments could be
used instead of the whole antibody to minimize the distance
between SWCNTSs and the antigen binding site.

A comparison between our SWCNT FET biosensor device
and previously reported sensor technologies for TB diagnosis is
summarized in Table S1. This comparison shows that our
SWCNT-based biosensor is more sensitive than most existing
TB diagnostic methods. Notably, our biosensor can be used
with both artificial sputum and blood serum and can identify
the existence of Ag8SB at extremely low concentrations (1 fg/
mL). The blocking layer-enhanced SWCNT FET device can
also recognize Ag85B in blood serum above 1 fg/mL. The
large dynamic range is maintained even when exposed to
biofluids. Additionally, the total test cost, including the sensor
chip fabrication and antibody functionalization, is less
expensive than present commercial TB tests.

B CONCLUSIONS

In conclusion, we fabricated an anti-M. tuberculosis antigen 85B
antibody-functionalized SWCNT FET device for potential TB
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diagnostics. Through investigating the influence of the mass of
antibody and gating electrolyte, the biosensor demonstrated
high specificity and large dynamic range toward the detection
of MTB-secreted Ag85B with an LOD of 0.05 fg/mL in
calibration samples. We also tested the performance of the
Ab85B-SWCNT FET device by detecting Ag85B spiked in
complex matrices. The difference in relative responses between
the experimental and control groups indicates that our devices
have the ability to identify Ag85B in artificial sputum. Through
the addition of BSA into the Tween 20-PEG blocking buffer,
the Ab85B-SWCNT FET devices can detect Ag85B in serum
and distinguish TB-positive clinical samples. The robustness of
our SWCNT FET devices to serum samples was further
improved by directly blocking the devices with a BSA cross-
linking layer. In addition, the fabrication of each sensor is
economical, and the test time is around 10 min, which
indicates the possibility of developing a complete integrated
point-of-care (POC) device with the antibody-functionalized
SWCNT FET for the diagnosis of TB.
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