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ABSTRACT: Cerebrospinal fluid (CSF) leakage may lead to life- Step 1 Step2 Step3
threatening complications if not detected promptly. However, gel Leswont [ A
electrophoresis, the gold-standard test for confirming CSF leakage

by detecting beta2-transferrin (2-Tf), requires 3—6 h and is labor- ooy . 4 v | &
intensive. We developed a new 2-Tf detection platform for rapid G <& §

identification of CSF leakage. The three-step design, which £
includes two steps of affinity chromatography and a rapid sensing E <

step using a semiconductor-enriched single-walled carbon nano- 8 hﬂ
tube field-effect transistor (FET) sensor, circumvented the lack of ‘ { Voo
selectivity that antitransferrin antibody exhibits for transferrin
isoforms and markedly shortened the detection time. Furthermore,
three different sensing configurations for the FET sensor were
investigated for obtaining the optimal 2-Tf sensing results. Finally, body fluid (CSF and serum) tests employing our three-step
strategy demonstrated high sensitivity, suggesting its potential to be used as a rapid diagnostic tool for CSF leakage.

II. Tf-ab-SWCNT

o B2-transferrin

B2-transferrin FET sensor

KEYWORDS: neurosurgery, beta2-transferrin, diagnostic test, antibody, graphene, biosensor

1. INTRODUCTION The major isoform with four sialic acid groups is ff1-transferrin,
the predominant form in most body fluids including serum. In
contrast, 2-Tf (carbohydrate-free, desialated) is formed by the
loss of sialic acid due to the presence of neuraminidase in the

Leakage of cerebrospinal fluid (CSF) is a serious condition
that can result from trauma, invasive tumors, congenital
malformation, or surgical procedures and results in significant

morbidity and mortality if left untreated." Without appropriate central nervous system and is confined to the CSF, aqueous
treatment, CSF leaks can lead to life-threatening cases of humor, and perilymph.7’8 Thus, f2-Tf is a CSF-specific variant
meningitis, intracranial hypotension, or pneumocephalus. of transferrin used as an endogenous marker of CSF leakage if
Identification of CSF in non-native sites requires immediate detected in nasal or aural fluid. #2-Tf can be resolved from the
surgical intervention, usually in the form of endoscopic other isoforms of transferrin because differences in sialic acid
endonasal or transcranial surgery.” However, the diagnosis of content change the isoelectric point of the protein, allowing
CSF leakage is often difficult to confirm. Traditional chemical separation by gel electr0phoreSiS.9’10 However, the main
analyses of biological fluids (e.g, glucose, total protein, and problem with electrophoretic separation of transferrins and
specific gravity) are unreliable and have been largely their staining is a running time required for electrophoresis +
abandoned. Radiographic and magnetic imaging methods, transfer + Western blot: 3—6 h, which is not always adequate
especially those involving the injection of dyes or radiographic for the 32-TF assay when ordered on the STAT turnaround

agents, are not always successful, require expensive, time-
consuming procedures, and may introduce additional risks to
the patient.” Accumulating clinical data do not support the use
of the ring sign, glucose testing, radionuclide cisternography, or
computed tomography cisternography for identification of CSF

time priority level (from the Latin statim—immediately or
without delay) by neurosurgeons. Another problem is the
result interpretation which requires a pathologist or a highly
trained and experienced medical technologist who are not
always available for STAT procedures.

leakage.

Clinical laboratory detection of CSF leakage takes advantage ——
of the heterogeneity of transferrins in bodily fluids and utilizes Received:  October 4, 2021 e
beta2-transferrin (f32-Tf) detection in available specimens as Accepted:  December 7, 2021 <

an indicator of CSF presence.” Transferrin is a 79 kDa iron- Published: December 21, 2021

binding protein transporting and maintaining iron homeo-
.5 .1 . . .
stasis.” The number of sialic acid groups varies to create nine
. . . . 1. . 6
transferrin isoforms ranging from 0 to 8 sialic acid groups.
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Nanomaterial-based biosensors have shown great potential
in diagnostic tools as they offer high-sensitivity, label-free, and
rapid detection of biomolecules as well as easy fabrication and
miniaturization."' ™" In particular, carbon nanotube (CNT)-
based field-effect transistor (FET) biosensors are promising
candidates for point-of-care diagnostic devices, owing to the
outstanding electronic and mechanical properties of
CNTs.'*™*° CNT-based FET biosensors probe the inter-
actions of biomolecules with the semiconducting (sc-) single-
walled carbon nanotube (SWCNT) channel causing alteration
in the electrical conductance of the sc-SWCNTs. Therefore,
high-purity sc-SWCNTs, which enable high ON-state con-
ductance and a high on/off ratio for FETs, are ideal materials
to develop high-performance FET devices.”' =’ Recently, high-
purity sc-SWCNTs have shown _})romise for sensin
applications, such as gas sensors,” > humidity monitors,”
and infrared imaging sensors,”” as well as ultrasensitive
biosensors, such as aptasensors,?’o_‘?’2 DNA detection,*® and
label-free protein sensors.”* ¢

Herein, we present a new [2-Tf laboratory detection
method for different biological fluids with high sensitivity,
short turnaround time (around 1 h), and easy instrument
access. The three-step strategy for f2-Tf detection includes
two steps of affinity chromatography to isolate $2-Tf and a
rapid f2-Tf sensing step utilizing a high-purity sc-SWCNT
FET device. Three different sensing configurations for the sc-
SWCNT FET sensor were investigated for obtaining the
optimal f2-Tf sensing results. Finally, f2-Tf detection in body
fluids, namely, CSF and serum, employing the three-step
strategy demonstrated a marked improvement in the sensitivity
and responsiveness compared to the gold-standard electro-
phoresis method, indicating a proof-of-principle for use as a
rapid CSF leak diagnostic tool. We therefore anticipate
providing a more affordable, fast, and point-of-care compatible
methodology for $2-TF analysis in human clinical specimens.

2. EXPERIMENTAL SECTION

2.1. Enzyme-Linked Immunosorbent Assay (ELISA). A
transferrin human ELISA kit was purchased from Thermofisher
Scientific (Cat#: EHTF). For the standard curve, transferrin standards
at concentrations of 0.1 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL,
500 ng/mL, 1 pg/mL, and 10 pg/mL were prepared using
recombinant human serum transferrin (MilliporeSigma, Cat#:
T8158). A2 mg/mL recombinant human serum transferrin solution
mixed with 10 mg/mL bovine serum albumin (BSA) in phosphate
buffered saline (PBS) was treated with neuraminidase (Millipor-
eSigma, Cat#: N7885) and used as the positive sample. The same
solution without the neuraminidase treatment was used as the
negative sample. Both positive and negative samples were run through
the two steps of separation using Tf-ab-functionalized and serotonin-
functionalized affinity columns. The eluate from step 2 was collected
for the ELISA test.

ELISA was performed following the instruction provided with the
kit. Absorbance was measured at both 450 and 550 nm (as
background) using a Tecan M1000 pro plate reader. For data
analysis, background was subtracted from all the samples measured.
The standard curves were run twice to determine the intra-assay
precision. Both positive and negative samples were run twice, and the
blank was run five times. All data reported in the figure and table were
mean + SD.

2.2. Affinity Column Preparation. An antitransferrin antibody-
functionalized column was prepared by immobilizing antitransferrin
antibody (Tf-ab, Fisher Scientific, Cat#: PA184854) on CNBr-
activated Sepharose 4B (MilliporeSigma, Cat#: C9142) according to
the manufacturer’s instructions. Briefly, 25 mg of lyophilized CNBr-
Sepharose were suspended in 1 mM HCl in a spin column (Thermo
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Fisher Scientific, Cat#: 69725), pH 3.0 and subsequently washed with
1 mM HCI for 15 min. Tf-ab was diluted 10-fold in coupling buffer
(0.1 M NaHCO;, 0.5 M NaCl, pH 8.3), mixed with Sepharose (1 mg
of Tf-ab per mg of Sepharose 4B), and incubated at room temperature
for 2 h. After incubation, excess ligand was washed away with coupling
buffer by centrifugation. The suspension was then incubated with 300
#L of 1 M ethanolamine, pH 8.0 for 2 h at room temperature to block
any remaining active groups. After blocking, the material was washed
with three cycles of alternating pH (0.1 M sodium acetate, 0.5 M
NaCl, pH 4.0 and coupling buffer, pH 8.0). The final product was
then washed with 300 L nanopure water and stored in 0.5 M NaCl
at 4 °C.

Serotonin (MilliporeSigma, Cat#: H9523) was immobilized via its
amine on CNBr-Sepharose by the cyanogen bromide method, similar
to Tf-ab functionalization. Briefly, 25 mg of lyophilized CNBr-
Sepharose were suspended in 1 mM HCI, pH 3.0 and subsequently
washed with 1 mM HCI for 15 min. Forty milligrams of serotonin-
HCl were dissolved in 10 mL coupling buffer (0.1 M NaHCO;, 0.5 M
NaCl, pH 8.3) and added to the activated CNBr-Sepharose in a spin
column and incubated for 2 h at room temperature with light
protection. Then, excess ligands were washed away, and the remaining
active groups were blocked using 1 M ethanolamine, pH 8.0 for 2 h at
room temperature. After blocking, the column was washed with three
cycles of alternating pH and then equilibrated in 0.5 M NaCl for
storage at 4 °C.

2.3. Affinity Chromatography. CSF (Thermo Fisher Scientific,
Cat#: 50-203-6082) and serum (Thermo Fisher Scientific, Cati#:
BP2657100) samples were used as a positive and a negative control.
Serum samples were diluted 100-fold with 1X PBS prior to
chromatography steps. CSF samples had no pretreatments.

In step 1, 200 uL of the CSF (or 100-fold diluted serum) sample
was loaded onto the Tf-ab-functionalized column and incubated for
20 min at room temperature before centrifugation at 10,000Xg for 2
min for elution. The bound total transferrin was eluted from the Tf-
ab/Sepharose column by applying the stripping buffer (0.1 M Glycine
HCI, pH = 2.6, 200 uL each time) twice. The pH of the eluate was
recovered immediately by adding 1 M Tris (pH 8.3) and loaded to
the serotonin-functionalized column for step 2. After a 20 min
incubation at room temperature, the column was centrifuged at
10,000xg for 2 min, and the eluate was collected for $2-Tf detection
in step 3. The column was then stripped with 500 mM sodium
chloride in 20 mM sodium phosphate (pH = 6).

2.4. Device Fabrication. High-purity sc: SWCNT's were obtained
commercially (IsoSol-S100, Raymor Industries Inc.) and were
prepared at 0.02 mg/mL in toluene. Interdigitated gold electrodes
(channel length of 10 ym) were patterned on a Si/SiO, substrate
using photolithography. SWCNTSs were then deposited between gold
electrodes via dielectrophoresis (DEP) with an AC frequency of 100
kHz, an applied bias voltage of 10 V, and a bias duration of 120 s.

Antitransferrin antibody (Tf-ab) functionalization on SWCNTSs
was achieved via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC)/N-hydroxysulfo-succinimide (sulfo-NHS) cou-
pling. The SWCNT FET devices were first activated in 100 uL of
EDC/sulfo-NHS solution (50 /50 mM in 1X PBS, pH = 5.5)
followed by a rinse with nanopure water. The devices were then
incubated with 10 L of 100 pg/mL Tf-ab (in 1X PBS) for 2 h at
room temperature and rinsed thoroughly with nanopure water after
incubation. To prevent nonspecific binding, the devices were soaked
in a blocking buffer (0.1% Tween-20 and 4% polyethylene glycol in
PBS) for 30 min to block the unreacted surface.

2.5. FET Measurements. FET characteristics of SWCNT FET
devices were studied employing a liquid-gated FET device
configuration. Nanopure water was used as the gating electrolyte.
Characteristic FET curves, that is, source—drain conductance (G)
versus gate voltage (V,), were taken by sweeping the gate voltage from
+0.6 to —0.6 V, versus a 1 M Ag/AgCl reference electrode with a fixed
source—drain voltage of S0 mV.

A series of transferrin solutions ranging from 107* fg/mL to 1 ug/
mL were prepared using recombinant human serum transferrin
(MilliporeSigma, Cat#: T8158). For transfer characteristic measure-
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Figure 1. Three-step strategy for detection of f2-Tf. Step 1, separation of all transferrin isoforms from the sample using the antitransferrin
antibody-functionalized affinity column. Step 2, separation of #2-Tf from other isoforms using the serotonin-functionalized affinity column. Step 3,
detection of f2-Tf with a sc-SWCNT FET device. Insets show three different approaches for f2-Tf detection using a sc-SWCNT FET device, that
is, (I) Bare SWCNTs: nonspecific binding of f2-Tf to bare sc-SWCNTs; (II) Tf-ab-SWCNTs: detection of 2-Tf via antitransferrin antibody-
functionalized-sc-SWCNTs; (III) Au electrode: detection of f2-Tf through binding to a gold gate electrode.

ments using a bare SWCNT and the Tf-ab-SWCNT approach, the sc-
SWCNT FET devices were first incubated in 10 uL of transferrin
solution for 2 min, then rinsed with nanopure water, and measured in
nanopure water as the gating electrolyte. For transfer characteristic
measurements using the Au electrode approach, the gold-disk
electrode (2 mm diameter) was first treated with gold surface
cleaning solution (MilliporeSigma, Cat#: 667978) and then immersed
in 10 uL of transferrin solution for 2 min. Next, the Au electrode was
washed with nanopure water and measured in nanopure water as the
gate electrolyte. To remove the adsorbed proteins on the gold surface
after the measurements, the gold surface was rinsed with RIPA buffer
(MilliporeSigma, Cat#: R0278) five times and then sonicated in
acetone for 30 min.

For body fluid tests, 10 uL of the eluate from step 2 was added to
the sc-SWCNT FET devices or the gold-disk surface for incubation
for 2 min followed by a rinse with nanopure water. All FET
characteristic measurements were performed in nanopure water as the
gating electrolyte.

The relative response (R) of each FET device was calculated using
R = AIl/I,, where AI = lI; — Iy, and I, is the drain current in
nanopure water before transferrin exposure at —0.5 V. To construct
the calibration curve, relative responses calculated from each device
tested were averaged at each concentration and plotted against
transferrin concentrations on a logarithmic scale. Error bars
represented one standard error. The number of devices (1) tested
for each experiment was specified in the text.

2.6. Atomic Force Microscopy (AFM). AFM images were
recorded using a Bruker multimode 8 AFM system with a Veeco
Nanoscope IIla controller in tapping mode. AFM images were
processed in Gywddion.

2.7. Electrochemical Impedance Spectroscopy (EIS). All
impedance measurements were performed using a CH Instruments
electrochemical workstation (Instrument model: 7042C). Recombi-
nant transferrin solutions were prepared from 1 fg/mL to 1 pg/mL.
For each concentration, 10 yuL of the transferrin solution was added
on the gold-disk surface at an increasing concentration order and
incubated for 2 min followed by a rinse with nanopure water. The
impedance was measured in PBS solution with an AC amplitude of 5
mV over a frequency (f) range of 0.05—10° Hz.

2.8. UV—vis—NIR Absorption Spectroscopy. Here, 100 uL of
0.02 mg/mL sc-SWCNT's were drop-cast on a 1”7 X 1” quartz slide
and heated at 200 °C to evaporate the solvent. UV—vis—NIR spectra
of sc-SWCNTs were collected using a PerkinElmer Lambda 900 UV—
vis—NIR spectrophotometer.

2.9. X-ray Photoelectron Spectroscopy (XPS). A Thermo
ESCALAB 250 Xi XPS was used to generate XPS data with
monochromated Al Ka X-rays as the source. The spot size was 650
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pum, and the samples were charge-compensated using an electron
flood gun.

2.10. Scanning Electron Microscopy (SEM). SEM was
performed on a Si/SiO, chip using a ZEISS Sigma S00 VP instrument.

2.11. Fluorescence Imaging. Fluorescence images were
obtained using an Olympus 1X81/1X2-UCB microscope. For
nonspecific binding of transferrin on sc-SWCNTs, 10 uL of 100
pug/mL Alexa Fluor 647-conjugated transferrin (Thermo Fisher
Scientific, Cat#: T23366) was added to the sc-SWCNT device and
incubated for 2 min at room temperature. Fluorescence images of
bare sc-SWCNT devices before and after Alexa Fluor 647-conjugated
transferrin binding were captured under excitation of 633 nm. For Tf-
ab-functionalized sc-SWCNT devices, Tf-ab was functionalized on the
sc-SWCNTs via EDC/NHS coupling. Then, 10 uL of 10 ug/mL
Alexa Fluor S46-conjugated anti-IgG secondary antibody (Thermo
Fisher Scientific, Cat#: A11056) was added to the device and
incubated for 10 min at room temperature. As a control, 10 L of 10
pug/mL Alexa Fluor 546-conjugated anti-IgG secondary antibody was
also added to a bare sc-SWCNT FET device with blocking. All
fluorescence images were taken under excitation of 532 nm.

2.12. Raman Spectroscopy. Raman spectroscopy was performed
on a XplorA Raman-AFM/TERS system. An excitation laser of 785
nm (100 mW) was used and operated at 1% power.

2.13. Gel Electrophoresis and Western Blot. Gel electro-
phoresis was carried out on a glass slide on 1% agarose (SeaKem
Agarose, Lonza) in a barbital buffer (MilliporeSigma, Cat#: B5934).
Each sample (2 L) was applied on the gel using a six-lane template as
the alignment guide. Excess sample was removed by gently blotting
the template with a Whatman filter paper. The glass slide was placed
inside the electrophoresis chamber (Horizontal Electrophoresis
System, C.B.S. Scientific) with four trimmed pieces of blotter C
paper (Helena) premoistened with barbital buffer on each side as a
conduit for the buffer. The gel electrophoresis was run at 250 V for 1
h in barbital buffer with a circulated cooling solution or cold water.

After electrophoresis, a 0.45 ym pore nitrocellulose membrane (GE
Healthcare Life Sciences) moistened with deionized (DI) water was
placed on top of the glass slide and pressed for 30 min with weights to
transfer the protein from the gel to the membrane. The membrane
was then blocked with 1% nonfat dry milk in BupH Tris-buffered
saline (ThermoFisher Scientific, Cat#: 28379) for 20 min followed by
rinses with DI water 6—8 times. Next, the membrane was first
incubated in a buffer with 1:2500 diluted goat antitransferrin antibody
(Cappel, catalog# 55139), 1% BSA, 4% polyethylene glycol (PEG),
and 0.05% Tween-20, Tris-buffered saline solution for 20 min. Then
blots were rinsed with DI water 6—8 times and incubated with 1:5000
diluted horseradish peroxidase-conjugated chicken antigoat IgG
antibody (MilliporeSigma, Cat#: AP163P) in a 1% BSA, 4% PEG,
and 0.05% Tween-20, Tris-buffered saline solution for 20 min. After
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Figure 2. Detection of transferrin using bare SWCNT FET devices. (a) FET characteristic curves of bare SWCNT FET device upon exposure to
increasing concentration of transferrin. (b) Calibration plot for transferrin detection using bare SWCNT FET devices. All data points in the

calibration plot are mean + SD (n = S devices).

another rinse with DI water 6—8 times, the membrane was incubated
in a 0.85% NaCl solution for 10 min and then developed in 3,3’,5,5’-
tetramethylbenzidine reagent (MilliporeSigma, Cat#: T0440). The
membrane was washed three times with DI water when the
development was completed.

3. RESULTS AND DISCUSSION

Because of the lack of specific receptor for 2-transferrin (f2-
Tf), separation steps were employed to first separate (52-Tf
from a specimen in order for the detection on a sc-SWCNT
FET sensor. Thus, here we present a three-step design for 52-
Tf detection: (1) Isolation of all transferrin isoforms from
other biological species present in the sample, (2) separation of
B2-Tf from the other isoforms, and (3) $2-Tf detection with a
SWCNT FET sensor (Figure 1). Both steps 1 and 2 are
achieved by utilizing a commercial affinity chromatography
platform. In step 1, transferrin (all isoforms) was separated
from other species using an antitransferrin antibody (Tf-ab)-
immobilized Sepharose column. The bound transferrin was
then stripped from the column and loaded into a serotonin (S-
hydroxytryptamine)-functionalized column (step 2) for the
separation of $2-Tf. Serotonin is a sialic acid-binding molecule,
which is nontoxic and commercially available at a relatively low
price, making it suitable for clinical use.”” Affinity of serotonin
toward sialylated glycoproteins was proven®®*” and since then
it was used successfully for the analysis and purification of
glycans, glycopeptides, and glycoproteins. The successful
separation of B2-Tf using the two-step separation approach
was confirmed by ELISA, where transferrin was detected in the
eluate from step 2 from the positive sample, while no
transferrin was detectable from the negative sample because
of the absence of $2-Tf in the original sample (Figure S1 and
Table S1).

The f2-Tf FET sensing device was built utilizing high-purity
sc-SWCNTs as the sensing material. Sc-SWCNTs were
deposited via DEP between interdigitated gold electrodes
patterned on a 2 X 2 mm Si/SiO, wafer. SEM characterization
of the device surface showed dense and interconnected
networks formed by sc-SWCNTSs, and UV—vis—NIR absorp-
tion spectroscopy of the sc-SWCNT sample showed no M,
peak, confirming the high-purity semiconducting content in
the sc-SWCNT (Figure S2).

1687

Three approaches for the transferrin detection were
evaluated to obtain the best transferrin sensing results. The
first approach was using bare sc-SWCNTs for transferrin
detection as proteins can bind to bare SWCNTs nonspecifi-
cally, changing the device characteristics.'™*’ Fluorescent
images taken before and after exposing sc-SWCNT to Alexa
Fluor 647-conjugated transferrin demonstrated the nonspecific
binding of transferrin on bare sc-SWCNTs, as red fluorescence
became observable on the device surface after the addition of
transferrin (Figure S3). To test for the transferrin sensing
capability of bare sc-SWCNT FET devices, a series of
transferrin solutions with increasing concentrations were
added to the sc-SWCNT FET devices for a 2 min incubation.
FET transfer characteristics were recorded after each
incubation and then analyzed to investigate the sensing
performance and the sensing mechanism of the devices as
FET transfer characteristics can provide more information
regarding the interaction between the analyte and the CNTs
than chemiresistor-mode measurements.”’ All FET measure-
ments were performed in nanopure water to eliminate any
impact on the sensing results caused by having different ionic
strengths. The calibration curve was constructed by plotting
the relative response (R) at —0.5 V,, against concentrations of
transferrin on a logarithmic scale (Figure 2). FET transfer
characteristics showed a decrease in the ON-state current as
transferrin was absorbed on sc-SWCNTSs nonspecifically.
However, the calibration curve demonstrated poor dose-
dependent responses, and the sensitivity was significantly
limited by the large device-to-device variability because of the
uncontrollable amount of protein binding to each device.
Furthermore, the large variance in each device may render low
reliability of the sensing results, which can result in serious
problems in clinical practices.

To improve the reliability, we introduced specificity to the
transferrin sensor by functionalizing Tf-ab on the sc-SWCNT
FET device via EDC/NHS coupling. In this case, the detection
of transferrin relies upon the specific interaction between
transferrin and Tf-ab near the sc-SWCNT surface. The
successful integration of Tf-ab on sc-SWCNTSs was charac-
terized using XPS (Figure S4), SEM (Figure SS), AFM (Figure
S6), and fluorescence microscopy (Figure S7). The height
profiles indicated an about 10 nm increase in height after the
attachment of Tf-ab. Moreover, Raman spectroscopy revealed
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Figure 3. Detection of recombinant transferrin using sc-SWCNT FET devices. (a) FET characteristic curves of the Tf-ab-functionalized SWCNT
(Tf-ab-SWCNT) FET device upon exposure to increasing concentrations of recombinant transferrin. The inset shows the threshold voltage shift.
(b) Calibration plot for transferrin detection using the Tf-ab-SWCNT approach and Au electrode approach. Results are mean + SD. The number
(n) of devices used for calculation is indicated in the parenthesis in the legend. (c) FET characteristic curves of the sc-SWCNT FET device with
increasing concentration of recombinant transferrin absorbing on the Au gate electrode. (d) Bode plot of EIS measurement of the Au electrode
upon transferrin binding. The inset shows a zoom-in view of the impedance of the Au electrode surface in the capacitive response region.

a diameter-dependent functionalization of Tf-ab on sc-
SWCNTs (Figure S8). Figure 3a shows the FET transfer
characteristic (I—Vg) curves of the Tf-ab-functionalized FET
device upon exposure to recombinant transferrin at varying
concentrations. The threshold voltage shifted toward less
negative values with increasing concentration of transferrin,
which can be attributed to the introduction of negatively
charged transferrin (pl ranges from S.4 to 6.2)" near the sc-
SWCNT surface, thus p-doping the SWCNTs.*' The sensing
performance of the Tf-ab-functionalized sc-SWCNT FET
sensor was then evaluated by plotting the calibration curve
(Figure 3b, black). The limit of detection of the sensor was
determined to be 0.01 fg/mL, suggesting an ultrasensitivity
toward transferrin. The dynamic range (linear region) of the
sensor was 10 fg/mL to 1 pg/mL, and the calibration
sensitivity, which is defined as the slope of the linear region of
the calibration curve, was determined to be 0.06. While the Tf-
ab-functionalized sc-SWCNT FET sensor demonstrated ultra-
sensitivity toward transferrin, this type of sensor also suffered
from quick saturation at around 1 pg/mL of transferrin
because of the limited binding sites available on the Tf-ab-
functionalized sc-SWCNTs. It led us to the third approach
where the gate electrode was replaced by a gold electrode,
which provided a 2 mm-diameter gold disk for binding target
analytes. In this configuration, instead of altering the chemical
environment of SWCNT surfaces, the transferrin was being
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adsorbed on the gold surface of the gold-disk electrode, and
the capacitance in the gate/electrolyte interface is changed
through modulation on the gate electrode, therefore changing
the total capacitance between the gate and the semiconductin

channels, inducing characteristic changes of the devices. ™%
Figure 3c showed an increase in the ON-state current with
transferrin adsorbing on the Au surface, and the calibration
curve, constructed in the same way as previously described,
indicated a limit of detection at 10 fg/mL and a dynamic range
from 10 pg/mL to 10 ng/mL with a calibration sensitivity of
0.1S (Figure 3b, navy).

The capacitance change in the gate/electrolyte interface
during transferrin detection was monitored using non-faradaic
EIS. Non-faradaic EIS, which is performed without a redox
probe, measures the impedance upon analyte binding to the
gold surface by charging and discharging the double-layer
capacitance and therefore eliminates the effect of charge
transfer resistance (R,).**"” A decrease in the imaginary
impedance was observed in the Nyquist plot, suggesting an
increasing double-layer capacitance as higher concentrations of
transferrin were adsorbed on the Au electrode (Figure $9)."
The Bode plot (Figure 3d) also showed a decrease in the
overall impedance with increasing concentrations of transferrin
in the frequency range where the capacitive response was
dominant, indicated by the phase angle around —85°. These
results can be explained as more positively charged transferrin
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molecules bind to the gold surface, more charges were stored
within the double layer, increasing the double-layer capaci-
tance, which lead to the decrease in the overall impedance.*®
This increase in the gate capacitance with higher concen-
trations of transferrin consequently also induced the increase in
transconductance (g,,) of the FET characteristics (Figure
$10)," which was observable as the increasing ON-state
current in the I-V, curves.

Figure 3b compares the sensing performances of the Tf-ab-
SWCNT and Au electrode approach for the detection of
transferrin. Tf-ab-functionalized sc-SWCNT FET devices
exhibited ultrasensitivity at a limit of detection of 0.01 fg/
mL while the Au electrode approach showed an evident
response toward transferrin at 10 fg/mL. The lower limit of
detection of the Tf-ab-SWCNT approach is consistent with the
lower dissociation constant of the binding between transferrin
and Tf-ab (18 fg/mL for Tf-ab and 202 pg/mL for Au
electrode), which corresponds to the concentration at half-
maximum response.50 However, transferrin sensing with the
Au electrode outperformed the Tf-ab-SWCNT approach in
terms of dynamic range of the sensor and its calibration
sensitivity, as the Au electrode provided a larger sensing area,
hence more available binding sites for transferrin molecules.
Therefore, various factors, such as transferrin concentration
and sensitivity and specificity requirements, need to be
considered before choosing the optimal transferrin sensing
method.

Our three-step strategy for f2-Tf detection was then applied
to differentiate samples of CSF and serum. Transferrin
components of both CSF and serum were studied using
electrophoresis and western blot (Figure S11). CSF, which
contains $2-Tf, showed two transferrin bands with the leading
band representing f2-Tf. Serum, on the other hand, only
yielded one transferrin band due to the lack of $2-Tf. Four
pairs of CSF and serum samples were tested following the
three-step method (Figure 4), and the 2-Tf detection in step
3 was carried out using both Tf-ab-SWCNTs and the Au
electrode approach. Both detection methods achieved the
differentiation between CSF and serum samples, but Tf-ab-
functionalized sc-SWCNT FET devices displayed better
sensing performance by yielding higher signals and more

0.40

Tf-ab-SWCNT CSF

0.35 "k
— Serum

0.30- T

[

0.15 Au electrode

*k

Relative response

0.10 - T
. I

Figure 4. 52-Tf detection in CSF (blue) and serum (gray) using Tf-
ab-SWCNT FET devices and the Au electrode approach. Results are
mean + SEM. The number (1) of devices tested for each sample was
summarized in Table S2 (ANOVA; **, p < 0.01; ***, p < 0.001).

reliable results because of the ultrasensitivity in the lower
transferrin concentration range. However, as previously
mentioned, the Au electrode approach might outperform the
Tf-ab-SWCNT approach with higher transferrin concentration
present in the sample. Therefore, the selection of the sensing
approach in step 3 should depend on the transferrin
concentration.

4. CONCLUSIONS

In summary, we presented a three-step strategy for rapid f2-Tf
detection in body fluids, which is required in clinical
diagnostics of CSF leakage after traumatic brain injury (TBI)
or surgical procedures. The three-step strategy includes two
steps of affinity columns for separating f2-Tf from other
proteins present in the fluid sample and a third step using high-
purity sc-SWCNT FET devices for f2-Tf detection. Both Tf-
ab-SWCNTSs and the Au electrode approach in step 3 have
shown their capability of f2-Tf detection with high sensitivity
and reliability. Tf-ab-functionalized sc-SWCNT FET devices
exhibited ultrasensitivity at a limit of detection of 0.01 fg/mL
with a dynamic range of 10 fg/mL to 1 pg/mL and are hence
suitable for the ultrasensitive f2-Tf detection in the sub-pg/mL
range. On the other hand, transferrin sensing with the Au
electrode outperformed the Tf-ab-SWCNT approach in the
ng/mL transferrin range with a wider dynamic range and
higher calibration sensitivity. By applying the three-step
strategy to body fluids, we have successfully differentiated
CSF (positive) and serum (negative) samples using both Tf-
ab-SWCNTSs and the Au electrode approach. Compared to
current methods for CSF leak diagnosis, such as electro-
phoresis and imaging methods, our three-step strategy is
capable of offering high-quality CSF leak detection with a short
turnaround time (around 1 h), easy instrument access, and
simple operations, which could potentially benefit patient care
for TBI patients and other people in need. Furthermore, the
high-purity sc-SWCNT-based FET biosensing chip utilized in
step 3 can be incorporated into a portable electronic unit with
intuitive readout, similar to a breathalyzer.“'52 Therefore, the
miniaturizability as well as the versatility of our sensing
platform could also open opportunities for point-of-care
applications for other disease-related protein detection.
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