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A facile, sensitive, and label-free assay for detection of interleukin-6 (IL-6) using liquid-gated field-effect transis-
tor (FET) sensors based on horizontally aligned single-walled carbon nanotubes (SWCNT) is proposed. This
approach relies on the drain current (Id) responses of the transistor upon interactions of IL-6 with its
corresponding antibody (IL-6R) immobilized on SWCNT. The proposed immunosensor exhibits superior
sensitivity (limit-of-detection = 1.37 pg/mL) in virtue of the reduced tube-to-tube contact resistance,
good selectivity (no responses to bovine serum albumin and cysteine were observed and detection of target
molecules in serum was achieved) as a result of the highly specific interaction between IL-6 and IL-6R, and
excellent stability (no significant degradation in the electronic performance after storage under ambient
conditions for up to 3 months) in virtue of the strong adhesion of CNT to the quartz substrate and good hor-
izontal alignment of these tubes. Therefore, the proposed immunosensor is a promising platform for early
diagnosis of various diseases (including some cancers) that can be indicated by the circulating level of IL-6.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Interleukin-6 (IL-6, protein structure shown in Fig. S1 in the
Supporting Information) is a pleiotropic cytokine that regulates cell
growth and differentiation of various tissues. It is known particularly
for its role in the immune response and acute phase reactions [1]. As a
major mediator of the inflammatory response [2], IL-6 plays a key role
in the inflammatory process by acting as both pro-inflammatory
cytokine and anti-inflammatory myokine [3]. The anti-inflammatory
effect of IL-6 is mediated through its inhibition on tumor necrosis factor
(TNF-α) and interleukin 1 (IL-1), and activations of interleukin-1
receptor antagonist (IL-1RA) and interleukin-10 (IL-10) [4]. It has
been demonstrated that the dysregulation (in most cases, over-
expression) of IL-6 is involved in the pathogenesis of a variety of
diseases such as rheumatoid arthritis [5], myeloma [6] and even cancers
[7]. More recently, IL-6 has been related to sports science as the circulat-
ing level of IL-6 increases in a near-exponential pattern (it precedes the
appearance of other cytokines in the circulation) with the intensity and
the duration of exercise and training [8], and the working skeletal
ce and Engineering, Nanyang
muscle has been identified as the major source [9]. This can be ex-
plained by the fact that IL-6 level is elevated in response tomuscle con-
tractions. For this reason, IL-6 can beused as an indicator of the glycogen
level in the muscles and a stimulator of glucose metabolism when the
glycogen level is low [10]. Furthermore, non-invasive capillary blood
sampling, which ismore applicable for real-time and point-of-care test-
ing, has been proven to be of the same effectiveness as conventional ve-
nous blood sampling for the measurement of plasma IL-6 [11]. This
phenomenon is of great significance as it indicates a great potential of
IL-6 for real-time monitoring of fatigue that is related to exercises and
trainings.

Owing to its diverse biological roles, IL-6 has been targeted by a va-
riety of assays [12–14]. As shown in Table 1, different immunosensing
assays targeting at IL-6 detection have been reported, including electro-
chemical assays [15],florescence-based assays [16] and surface plasmon
resonance based assays [17]. Among all assays reported, the enzyme-
linked immunosorbent assay (ELISA) [18] and theWestern blotmethod
[19] are most widely used ones. ELISA can provide superior sensitivity
(limit-of-detection (LOD) b 1 pg/mL), while the Western blot method
exhibits excellent selectivity and specificity. However, ELISA is a re-
source intensive (expensive equipment and well-trained personnel re-
quired) method, thus not ideal for practical applications; the Western
blotmethod is a non-quantitativemethodwhich provides limited infor-
mation on the concentration of the analyte targeted [20].
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Table 1
A comparison of assays reported for detection of interleukin-6 (IL-6).

Assay Sensitivity Advantages Drawbacks

Enzyme-linked immunosorbent assay (ELISA) b1 pg/mL Superior sensitivity Intensive resources required
Western blot N.A. Good selectivity Non-quantitative assay
Electrochemical immunoassay [15] 1 pg/mL Label-free, good sensitivity Sophisticated procedure needed
Fluorescence-based immunoassay [16] 20 pg/mL Simple assay design Labeling required
Surface plasmon resonance (SPR) immunoassay [17] 700 pg/mL Label-free, rapid response Low sensitivity
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Herein, a facile, sensitive, and label-free assay for IL-6 using liquid-
gated field-effect transistors (FET) based on horizontally aligned
single-walled carbon nanotubes (SWCNT) is proposed. A schematic
illustration of the proposed FET sensor is shown in Fig. 1. In the sensing
process, binding of the target analyte (e.g. a ligand) in the gate region
will cause a change in the conductance of the transducing layer, which
is indicated by a change in the drain current (Id). This change is mea-
sured and used as an electrical signal [21–24]. The reported liquid-
gated FET biosensors offer real-time monitoring of biomolecules with
superior sensitivity and device stability. In virtue of the unique charac-
teristics such as excellent electrical conductance and ultrahigh length-
to-diameter ratio, carbon nanotubes have been widely utilized for bio-
sensing applications [25]. In the past decade, real time electronic detec-
tions of various biomolecules using functionalized CNT-based FET have
been reported [26]. Previously, Palaniappan et al. [27] proposed a tran-
sistor based on horizontally aligned CNT for electronic detection of pros-
tate specific antigen (PSA), a potential biomarker of the prostate cancer.
Owing to the reduced tube-to-tube contact resistance, the proposed de-
vice demonstrated facile and highly sensitive detection of PSA. In this
article, we propose a horizontally aligned CNT-based FET sensing plat-
form for real time measurements of IL-6. The proposed platform
showed excellent sensitivity (limit-of-detection = 1.37 pg/mL, compa-
rable to ELISA and other assays) and good selectivity. Detection of target
molecules in diluted serum (rabbit serum diluted by 100 times with
buffer) was also achieved. 1 pg/mL IL-6 in serum triggered a detectable
Id response, indicating that the sensitivity of the serum testing is compa-
rable to that of the buffer testing. Additionally, the devices developed
exhibited good stability under ambient conditions for up to 3 months
as no major degradation in electronic performance was observed.
Considering the cost-effectiveness of the raw materials involved and
the facile synthesis routes available for the growth of horizontally
aligned CNT on quartz substrates in virtue of the significant advances
Fig. 1. Schematic illustration of the liquid-gatedfield-effect transistor sensor based onhor-
izontally aligned single-walled carbonnanotubes for interleukin-6 detections. Interleukin-
6 antibodies were immobilized on carbon nanotubes to captured interleukin-6molecules.
recently, this IL-6 assay exhibits a great potential for point-of-care
applications in the future.
2. Experimental

2.1. Materials

The IL-6 antigen and antibody (specifications shown in the
supporting information) were obtained from Sino Biological Inc.,
Beijing, China. The catalyst, Co(C2H3O2)2·4H2O (cobalt(II) acetate
tetrahydrate, ACS reagent, purity ≥98 wt.%), and other reagents in-
volved in CNT growth were purchased from Sigma-Aldrich Singapore,
Singapore and used without further purification. Quartz substrates
were obtained from Hoffman Materials LLC. (Carlisle PA, United
States) and cut into 1 cm × 1 cm chips. The rabbit serum (R9133)
used was purchased from Sigma-Aldrich Singapore, Singapore and
used without further purification.
2.2. Growth of CNT by chemical vapor deposition (CVD)

The horizontally aligned CNTwere grown on quartz substrates using
a modified method based on previous reports [28]. Firstly, quartz
substrates were annealed at 900 °C for 8 h. Subsequently, the annealed
substrates were sonicated in acetone, isopropyl alcohol and deionized
water for 5 min, respectively. Cobalt acetate was deposited on the sub-
strates by a drop-coatingmethod, in which the catalyst was transferred
to the substrate using a millimeter-sized brush. To maximize the
horizontal alignment of CNT, the catalyst was deposited in a direction
perpendicular to the growth direction of CNT. The set-up used for the
ethanol CVD process is shown in Fig. S2 (in Supporting Information).
Briefly, catalyst-coated substrates were heated to 850 °C under a mix-
ture flow of Ar (200 sccm) and H2 (100 sccm) and kept for 5 min to
allow oxidation of catalysts, which were then reduced to pure Co at
925 °C under a mixture flow of Ar (40 sccm) and H2 (20 sccm) for
10 min. Afterwards, the as-prepared CNT samples were characterized
by Field Emission Scanning Electron Microscope (FESEM, JSM-7600F),
Atomic ForceMicroscope (AFM, Dimension 3100) and Raman spectros-
copy (WITec Alpha 300 R).
2.3. Fabrication of liquid gated FET sensors

2mmwide, 100 nmthickAu source and drain electrodes (spacing=
200 μm) were evaporated onto the substrates. Silicon rubber reservoir
was generated along the electrodes to confine the test solutions and sil-
ver paint was coated for the convenience of probing. Fig. S3 (shown in
Supporting Information) shows a typical device fabricated using the
proposed methodology. The I-V characteristics of the transistors
fabricated were obtained using a methodology similar to a previous
report [29]. With a voltage bias (Vd) of 10 mV applied between the
source electrode and the drain electrode, the current (Id) flowing
through the SWCNTs was recorded while sweeping the gate voltage
(Vg) from −600 mV to 0 mV. Id–Vd plots at different gate voltages
were also recorded for electrical characterization.



854 H. Chen et al. / Materials and Design 90 (2016) 852–857
2.4. Detection of IL-6

In order to minimize non-specific binding, surface passivation was
achieved by incubation with 1% (v/v) polyethylene glycol (PEG) in
phosphate buffer solution (PBS) for 30 min. Then, IL-6 antibodies
(IL-6R) were immobilized on the nanotubes using 1-pyrenebutanoic
acid succinimidyl ester (PBSE, chemical structure shown in Fig. S4) as
linkers [30]. The immobilization was achieved by incubation with
5mMPBSE (in phosphorous buffer, pH=7.4) for 1 h, followed by incu-
bation with 5 μg/mL IL-6R. Subsequently, the device was rinsed with
PBS for several times to remove loosely bound antibodies. A voltage
bias of 10 mV was applied between the source electrode and the drain
electrode, while the gate potential was applied via a reference electrode
(3 M KCl) (FLEXREF from World Precision Instruments). The devices
were incubated with testing solutions (with different concentrations
of IL-6) for 15 min each, followed by removal of the solution and incu-
bation with PBS. Id was monitored (liquid-gated measurement) during
the entire process (in testing solutions and buffer).

3. Results and discussion

Fig. 2(a) shows the Field Emission Scanning Electron Microscope
(FESEM) image of the carbon nanotubes grown on quartz substrates.
It can be observed that the carbon nanotubes in good horizontal
alignment were generated on quartz substrates by the method
proposed. It has been revealed that good horizontal alignment can
significantly reduce the tube-to-tube contact resistance [25], which is
one of the key problems associated with random networks of carbon
nanotubes. For this reason, the devices based on horizontally aligned
CNT showed improved transconductance, sensitivity and ultimately
the overall performance as biosensors [31]. Fig. 2(b) shows the Raman
Fig. 2. (a) Field Emission Scanning Electron Microscope (FESEM) image of horizontally aligned
peak at 207 cm−1 corresponds to the quartz substrate and the peak at 359 cm−1 is associatedwi
section analysis.
spectrum of carbon nanotubes grown on quartz substrates. The
Raman spectrum was obtained using a confocal Raman spectroscopy
(WITec Alpha 300 R) employing a Nd:YAG 532 nm laser at 30 μW
with a spot size of ~1 μm2 and a CCD detector with 3 cm−1 resolution.
The laser was focused using a 20× Nikon air objective (NA = 0.4). The
peak at 207 cm−1 is associated with the quartz substrate [32], while
the peak at 359 cm−1 is associated with SWCNT [33]. Fig. 2(c) and
(d) shows the Atomic Force Microscope (AFM) image of the nanotubes
grown on quartz substrates and its corresponding section analysis,
respectively. According to Fig. 2(c), the density of nanotubes on the
quartz surface is approximately 3–5 tubes/μm, which is comparable to
other protocols reported previously [32]. The section analysis shown
in Fig. 2(d) reveals that the diameter of nanotubes generated ranges
from 1.7 nm to 2.0 nm, while the average tube diameter is
measured to be 1.9 nm. Fig. 3 (a) and (b) show the Id vs. Vg at a drain
voltage (Vd) of 10 mV and Id vs. Vd at different gate voltages
(−400 mV, −300 mV, −200 mV and −100 mV), respectively. As
observed from Fig. 3(a), the device shows a typical semiconducting be-
havior in the range of −600 mV to 0 mV, indicating good functionality
as a transistor [34]. Additionally, the linear relation between Id and Vd

illustrates Ohmic contacts between the carbon nanotubes and the Au
electrodes.

In kinetic measurements, Id at a fixed gate potential were tracked (Id
vs. time) and the variation of Id was recorded as the signal. Briefly, the
device was exposed to testing solutions containing different concentra-
tions of IL-6 upon immobilization with IL-6R. Then, the device was
rinsed with and incubated in PBS. Id was recorded during the entire
process (including exposure to testing solutions and incubation with
PBS). As shown in Fig. 4(a), Id remained unaffected upon rinsing with
buffer solution but dropped drastically upon injection of IL-6. More
importantly, the Id response increased with IL-6 concentration of the
CNT on quartz; (b) Raman spectrum of horizontally aligned CNT on quartz substrate (the
th SWCNT); (c) AFM image of horizontally aligned CNT on quartz and (d) its corresponding



Fig. 3. (a) Drain current vs. gate voltage at a fixed bias voltage (10 mV); (b) drain current vs. drain voltage at different gate voltages (ranging from −400 mV to−100 mV).
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testing solution in a logarithmic pattern, as shown in Fig. 4(b). The re-
sults suggested that the as-prepared CNT-FET devices are capable of
quantitatively measuring IL-6 via the interaction of this molecule with
its corresponding antibody (IL-6R in this case). The limit-of-detection
calculated by the 3σ/S approach (σ stands for the standard deviation
of device response to PBS, which is ~4 nA, and S is the sensitivity,
slope of the linear sensor response range; the detailed calculation is
shown in the supporting information) [35] is 1.37 pg/mL, which is sig-
nificantly lower than the circulating level of IL-6 (10–12 pg/mL [36])
and comparable to assays previously reported such as ELISA and elec-
trochemical assays.

The selectivity of as-prepared deviceswas evaluated by tracking Id of
the immunosensor in response to 100 pg/mL bovine serum albumin
(BSA) and 100 pg/mL cysteine. As shown in Fig. 5(a), the Id responses
triggered by 100 pg/mL BSA and 100 pg/mL cysteine were 2.42% and
2.15% respectively, while the responses triggered by 1 pg/mL and
100 pg/mL IL-6were 4.05% and 18.7% respectively. Neither BSA nor cys-
teine triggered significant responses compared with IL-6, indicating ex-
cellent selectivity of the proposed immunosensor. The superior
selectivity can be attributed to the highly specific interaction between
IL-6 and its antibody, as well as successful surface passivation prior to
kinetic measurements. Furthermore, measurements of IL-6 in serum
(rabbit serum diluted with PBS by 100 times) were achieved using the
developed devices and the results are shown in Fig. 5(b). As can be
seen, Id responses triggered by IL-6 in serum were detectable and
Fig. 4. (a) Kineticmeasurement of IL-6 (concentrations ranging from1 pg/mL to 100 pg/mL) by
batches (n N 3).
correlated to the concentration of IL-6. The results revealed that detec-
tion of IL-6 by the proposed device is highly specific, thus exhibiting a
great potential for practical applications.

Additionally, the stability of the developed devices stored under
ambient conditions (25 °C and atmosphere pressure) was evaluated.
Basically, the electrical performances (Id vs. Vg curves) of as-prepared
devices being stored for different durations were tested and
compared with freshly prepared devices. Fig. 6 shows the normalized

Id

�
Id at different Vg
Id at Vg¼0 mV � 100%

�
vs. Vg. Δ Id in response to the same variation

of Vg (−600mV to 0mV)were 15%, 14.2%, 13% and 12% for devices after
storage for 1 day, 1 week, 1month and 3months, respectively. The deg-
radation of sensitivity (in terms of Id vs. Vg) of the device developed
dropped by approximately 20% after storage under ambient conditions
for 3 months. Therefore, it can be concluded that the CNT-FET devices
developed by the proposed assay exhibit no significant performance
degradation after storage under ambient conditions for up to 3 months,
indicating excellent stability of these devices. The good stability under
ambient conditions makes the proposed device a promising sensing
platform for practical applications.

4. Conclusions

A facile, sensitive, and label-free assay for detections of IL-6 using
liquid-gated FET sensors based on horizontally aligned SWCNT is
the proposed immunosensor; (b) average drain current responses of devices from different



Fig. 5. (a) Drain current responses to 100 pg/mL BSA and 100 pg/mL cysteine as compared to responses triggered by IL-6 (n N 3); (b) measurements of IL-6 in diluted serum using the
proposed assay (n N 3).
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demonstrated. The proposed device exhibited superior sensitivity
(LOD=1.37 pg/mL) in virtue of the reduced tube-to-tube contact resis-
tance, good selectivity (no responses to BSA and cysteinewere observed
and detection of target molecules in serumwas achieved) as a result of
the highly specific interaction between IL-6R and IL-6, and excellent
stability (storage under ambient conditions for up to 3 months) due to
the strong adhesion of CNT to the quartz substrate and good horizontal
alignment of these tubes. The proposed immunosensor shows a great
potential for early diagnosis of various diseases indicated by varying cir-
culating level of IL-6.
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