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Label-free immunosensors based on single-walled carbon nanotubes field effect transistor (NTFET)
devices were developed for the detection of C-reactive protein (CRP) which is currently the best
validated inflammatory biomarker associated with cardiovascular diseases. The immunoreaction
principle consists in the direct adsorption of CRP specific antibodies (anti-CRP) to single-walled carbon
nanotubes (SWCNTs) networks. Such anti-CRP are the molecular receptors of CRP antigens which, in
turn, can be detected by the developed NTFET devices in a linear dynamic range of 10~4-102 pg/mL.
Thus, typical values of CRP (in blood serum) for healthy persons ( < 1 pg/mL), and higher levels ( > 5 pg/mL)
corresponding to pathological states, can be both detected with the NTFET immunosensors, becoming an
advantageous alternative as the basis for the development of analytical instrumentation for assessment of
risk of occurrence of cardiovascular diseases. A log-log linear regression was applied to the experimental
data with a correlation coefficient of r=0.9962 (p <0.001), and there is no statistical difference
(from ANOVA) between individual NTFET devices (p=0.9582), demonstrating acceptable reproduci-
bility. According to the experimental results, the estimate of detection limit (LOD, 10~ pug/mL) is
3-fold lower than that of some conventional immunoassay techniques for blood serum (e.g., LOD
of 0.2 pg/mL for high-sensitivity enzyme-linked immunosorbent assay), and the dynamic range
(10~4-10? pg/mL) is about 6-fold higher. Furthermore, this simple and low-cost methodology allows

the use of sample volumes as low as 1 pL for the label-free detection of CRP.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

C-reactive protein (CRP) is produced in serum by hepatocytes
and regulated by inflammatory cytokines, mainly by interleukin-6;
it has been considered as the best current validated inflammatory
biomarker [1] and functions as an acute phase protein in response
to tissue damage, infection, and systemic inflammation.

The monitoring of CRP levels is important to predict the risk of
atherosclerotic diseases, including cardiovascular disease, which is
the main cause of death worldwide [2]. The risk of cardiovascular
diseases has been considered low if the levels of CRP in serum are
below 1.0 pg/mL and, in turn, it becomes elevated when levels of
CRP are higher than 3.0 pg/mL [1]. When levels of CRP are as high as
3.0 pg/mlL, it functions as a significant indicator for the chronic
cardiovascular diseases including acute coronary syndromes. High
levels between 10 and 50 pg/mL can also be found in late pregnant
women and viral infections, and even higher levels, between 50 and
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200 pg/mlL, are related to bacterial infections and active inflamma-
tion [3]. Then, biosensing systems as well as other analytical
techniques should cover the whole concentration range of interest,
i.e.,, they may be capable to evaluate levels of CRP lower than
1.0 pg/mL and higher than 50 pg/mL.

Clinical immunochemical methods based on high sensitivity
assays, i.e., immunoturbidimetric, immunochemiluminometric, and
immunonephelometric assays, as well as enzyme linked immunosor-
bent assays have been traditionally used to the detection of CRP in
blood serum with limits of detection (LOD) ranging from 0.03 to
0.2 pg/mL and detection range between 5 and 10 pg/mL of CRP [4,5].
By definition, immunoassays are biochemical tests for quantifying a
substance based on its ability to bind to an antibody (immunoreac-
tion); they require expensive instrumentation, sample pre-treatment
protocols, laborious work, and rigid operational procedures, as well as
they are time consuming, and the detection is indirect, since they are
based on optical transduction and one of the reagents is labeled.

Besides immunoassays, the immunosensors based on electro-
chemical/optical platforms (physical transducers) such as surface
plasmon resonance, field effect transistors, and quartz crystal
microbalance are label-free, ease of use, less expensive, with
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minimal requirements of sample preparation, and the output
signal is obtained directly from sensor software [6]. In electro-
chemical immunosensors, the reaction between antigen and
antibody is detected and converted, through a transducer, to an
electrical signal, which is processed and displayed as output
signal. Meyer et al. [7] developed a magnetic immunosensor with
acceptable values for LOD (25.0 ng/mL) on a large dynamic linear
range (0.025-2.5 pg/mL). However, Meyer et al. [7] highlighted
some disadvantages in the magnetic immunosensor such as the
high sample size (0.5 mL) and large time required for measure-
ment (30 min). Bini et al. [8] proposed an optical RNA-based
aptasensor based on the surface plasmon resonance method,
with a lower LOD (5 x 102 pg/mL) than that obtained by Meyer
et al. [7]; however, the method is labor intensive and requires
expensive equipment for measurement of CRP. In turn, Yang et al.
[9] and Quershi et al. [10] proposed biosensing systems based on
magnetic principles, a microfluidic system and a capacitive
immunosensor, with LOD of 1.25x 1072 and 2.5 x 10~ 2 ug/mL,
respectively. Therefore, disposable, rapid, simple, and low-cost
biosensing instrumentation for CRP has not yet been reported.

Nanoelectronic devices have been thought to increase the analy-
tical performance of biosensing systems, since they can incorporate
various types of nanomaterials, such as single-walled carbon nano-
tubes (SWCNTs). SWCNTs display particular electrical and transport
properties, and high electron transfer reactions due to the presence of
all carbon atoms in their surface; SWCNTs also have a large surface
area with the possibility of functionalization with different molecules
for the specific detection of various analytes, such as proteins, DNA,
and even viruses [11]. When integrated as conducting channel in a
field effect transistor (NTFET), changes in electrical current are
observed since adsorption of biomolecules to receptor analytes (e.g.,
antibodies) can occur [12-15]. Networks of SWCNTs have been
successfully applied to the development of useful NTFET biosensors
for the detection of DNA [16], human immunoglobulin G [17,18], and
Aspergillus flavus fungi [19], among others. The networks of SWCNTs
allow a much larger surface area than individual nanotubes, and the
sensing devices fabricated from such networks average the properties
of a large number of random individual SWCNTs [20]. On the other
hand, the use of such miniaturized devices allows the use of small
volumes of sample, and the enhancement of analytical performance,
for example, in terms of sensitivity and LOD. A few biosensing
systems have used nanomaterials for the detection of CRP; for
example, Buch and Rishpon [21] developed an electrochemical
immunosensor based on multi-walled carbon nanotubes-modified
screen printed electrodes, and more recently, Ibupoto et al. [22]
proposed a potentiometric sensor with ZnO nanotubes, with LOD of
5x 1074 and 103 pg/mlL, respectively.

This work reports the development of carbon nanotubes field
effect transistor (NTFET) devices (with a back-gate and interdigi-
tated configuration, and based on random networks of SWCNTs) as
immunosensors for the label-free detection of CRP. The small
sample volume, the low-cost, the easy analysis associated to the
disposable devices, as well as the LOD lower than that of conven-
tional assays for CRP detection will be highlighted as advantages for
such NTFET immunosensors, which can be constitute a basis for the
development of point-of-care testing methodologies for patients
with high risk of cardiovascular diseases.

2. Material and methods
2.1. Reagents
Single-walled carbon nanotubes (SWCNTs), synthesized through

cobalt-molybdenum catalysis (CoMoCAT, Southwest Nanotechnol-
ogies), sodium cholate (SC), C-reactive protein from human plasma

(CRP), anti-human CRP antibodies (anti-CRP, produced in goat),
Dulbecco’s phosphate buffered saline (PBS, pH 7.4), bovine serum
albumin (BSA), and Tween 20 were purchased from Sigma-Aldrich
Quimica (Sintra, Portugal). PBS was used for the preparation of CRP
stock solution (100 pg/mL), and corresponding serial dilutions
between 10~4 and 10! pg/mL, as well as for the anti-CRP stock
solution (1 g/L), BSA (10 pig/mL), and Tween 20 (0.5%).

2.2. Preparation and characterization of SWCNT dispersion

SWCNTs were dispersed in distilled water with SC as an anionic
surfactant, through the addition of 14 mL of aqueous solution of SC
(0.2% w/v) to 4 mg of SWCNT. The experimental conditions for the
dispersion of SWCNTs were previously optimized through the
application of an experimental design, as reported elsewhere [23].
That is, the as-prepared SWCNT solution was processed for 60 min
of sonication (on a water bath ultrasonicator, Ultrasonik 57H Ney,
400 W, 50/60 Hz) and then, for 5 min of centrifugation at a relative
centrifugal force of 2000 x g and 20 °C (centrifuge Medifriger BL-S of
JP Selecta, Spain). Approximately a 70% fraction of the supernatant
was collected for subsequent characterization and further use for
the assembly of carbon nanotube field effect transistor devices,
which were applied in this study as the disposable immunosensors
for the CRP detection.

Raman spectroscopy was performed for the characterization of
the dispersion of SWCNT in order to identify their electronic and
vibrational structures as typical spectroscopic signature. Thus,
Raman spectra (90-1900 cm~!) were obtained with a Bruker RFS/
100S Raman-FT spectrophotometer (Nd:YAG laser of 1064 nm,
100 mW power, spectral resolution of 4cm~"!, and 1500 scans).

2.3. Device fabrication

The fabrication of disposable field effect transistor (FET) devices
was performed at 3 inch wafer scale with silicon wafer as substrate
(Sigma-Aldrich Quimica, Sintra, Portugal). The silicon wafer was
passivated with silicon dioxide (SiO,, 400 nm-thick layer) by plasma
enhanced chemical vapor deposition (with Electrotech Delta CVD
System). Thin layers of titanium (Ti, 10 nm-thick) and gold (Au,
100 nm-thick) were deposited on Si/SiO, substrate through physical
vapor deposition by sputtering with Alcatel Magnetron Sputtering
System. Optical lithography process (with Direct Write Laser 2.0,
DWL, Heidelberg Instrument) was used to define the source (S) and
drain (D) metal contacts, using a 1.5 pm-thick photoresist layer (PFR
7790G-27cP, JSR Corporation) coated in a standard spin coating
system. Upon development, this patterned layer defines the mask
for the ion beam etching (Nordiko 3000 Series) of the gold film. The
photoresist film was then removed through immersion of the wafer
in a stripper solution (Microstrip™ 2001, Fujifilm) at 65 °C.

The silicon substrate was used as the back gate electrode; for
that, a photoresist film (1.5 pm) was coated on the wafer, and the
second mask (non-inverted) was defined by optical lithography with
DWL system, and only an opening is defined in the resist. Then,
500 nm of SiO, were removed by reactive ion etching (with LAM
Rainbow 440 System), and Cr/Au (50 nm-thick/100 nm-thick) films
were deposited by ion beam deposition (Nordiko 3000 Series)
immediately after ion beam etching (without vacuum break).
The photoresist and the Cr/Au films were removed by liftoff,
immersing the wafers in a Microstrip solution (Microstrip™ 2001,
Fujifilm) at 65 °C. The wafers were then cleaned with isopropanol
and distilled water, and finally dried with a stream of nitrogen gas in
a wet bench.

In order to promote individualized FET (~3 x 2 mm?), the silicon
wafer was diced using a dicing saw system (DISCO DAD 321), and
each FET was then mounted into a printed circuit board (PCB), fixed
and wirebonded with Al wires (25 pum @). Such wirebondings were
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protected with a silicone gel (Elastosil E41, Wacker) making allow-
ance for an open chamber (~1 mm @) for further sensing experi-
ments, as shown in the lower inset of Fig. 2. The resulting individual
FET devices have back-gate geometry and an interdigitated architec-
ture configuration which allows a large surface area for sensing; each
defined electrode has a 1.5 pm width, and a 1000 pm length.

FET surface was washed with acetone, 1-propanol, and distilled
water, and then dried with a stream of nitrogen gas. Then, 1.2 pL of
as-prepared SWCNT solution was deposited on a clean FET surface,
and after a delay of 5 min, the droplet was blown off with a stream
of nitrogen gas to form an SWCNT network bridging the FET
electrodes. This same approach based on placing the SWCNT from
liquid suspensions onto fabricated substrates has been already
used after the definition of metallic electrodes [24]; however,
several groups use the deposition of SWCNT before the definition
of metal contacts through physical techniques such as drop casting
or annealing [25,26].

The electrical characterization of the disposable carbon nano-
tube field effect transistor (NTFET) devices was performed at
room temperature, in air, and in real-time, using a parameter
analyzer (HP4155C, Japan), which was linked to a closed test
fixture (Agilent 16442A, Japan) where the devices were posi-
tioned; in the test fixture, the drain, gate, and source of each FET
were connected to respective terminals to provide electrical
circuit for sensing measurements. In order to obtain an estimate
of the instrumental variability, all measurements were carried out
three times, and the reproducibility was evaluated performing
all measurements in three individual FET devices. Before every
experiment, the FET surface was washed with acetone and
1-propanol to remove any traces of grease, and twice with
distilled water; then it was dried under a flow of nitrogen.

The geometry characteristics of fabricated FET devices were
previously studied for enhancing device performance [27]: FET
devices with 100 nm-thick of gold, a distance between the
electrodes of 2.5 um, and 10 electrodes (i.e., 5 source and 5 drain
electrodes) were found to be the most suitable for further sensing
experiments, due to their recorded lower resistances.

2.4. Immobilization of anti-CRP, detection of CRP, and control
experiments

Due to the affinity of SWCNT with amino groups of antibodies,
the immobilization of anti-CRP on surface of SWCNT was directly
processed through a non-covalent adsorption [28]; unlike the
covalent method, this process preserves the primary structures of
SWCNT and consequently their electronic properties. A droplet of
the anti-CRP solution (1 pL, 1 g/L) was pippeted on NTFET surface,
which were stored overnight at 4 °C. In order to prevent evapora-
tion of anti-CRP solution, each NTFET device was placed in a small
Petri dish (10 cm @) hermetically sealed with parafilm. To remove
unbound molecules, NTFET devices were then washed with PBS
and dried with nitrogen for further electrical characterization.
Two control assays were performed in parallel experiments
in order to study the nonspecific binding of other compounds
and possible interferences on SWCNT, as well as to study the
specificity of fabricated NTFET devices to CRP analyte; the
detailed experimental is reported in Appendix A (Supplementary
materials).

For the detection of CRP, 1 puL of CRP solution at different
concentrations (from 10~* to 10% pug/mL) were successively
introduced into the silicone chamber of three individual NTFET
devices, and incubated 15 min at room temperature. NTFET were
washed with distilled water, dried with nitrogen, and their
electrical characterization was immediately processed. The elec-
trical measurements under dry conditions were employed in
order to eliminate the influence of ions present in aqueous

solutions, since FET devices are easily affected by ionic strength
[17,19], and signal enhancement can be obtained when compar-
ing with measurements in solutions systems [29]. The drain
current (Ip) was measured as a function of drain voltage (Vp,
between 0 and +2 V) to find the output characteristics of NTFET
devices, after SWCNT deposition, antibody immobilization, and
introduction of each CRP solution at various concentrations. The
experiments in each condition were repeated three times. The
transfer characteristics of such NTFET devices were also found
with the measurement of I values against back-gate voltage (V,
between —5 and +5 V) at a fixed drain voltage (Vp=+1 V). The
changes in Ip values in each NTFET device after the exposure of
any solution on the CNT surface are due to the variation of the
flow of electrons through the nanotubes between the source and
drain of each NTFET device.

As the detection of CRP antigen (Icgp) depends on the inter-
action with its specific antibodies (anti-CRP) and in turn, with
the extent of binding of anti-CRP onto SWCNT (I,nt-crp), the
analytical response (current change, Alcgrp) for the sensing
experiments with the fabricated NTFET devices was considered
as the change in Ip values for each CRP concentration after their
interaction with antibody (Icrp—Iantiicrp)- The analytical
response from various NTFET devices was then plotted against
the CRP concentration (between 10~% and 10 pug/mL) to obtain
the calibration curve.

3. Results and discussion

3.1. Characterization of dispersion of single-walled carbon
nanotubes and carbon nanotubes field effect transistors

Raman spectroscopy was used for the characterization of the
dispersed SWCNT, which will further be used as conducting
channel of carbon nanotubes field effect transistors (NTFET)
devices. Fig. 1 shows the baseline corrected Raman spectrum
obtained from the SWCNT dispersed in sodium cholate and used
in this work.

From Fig. 1, the two active Raman modes of SWCNTs are
present as first-order features; the low frequency radial breathing
mode (RBM) is displayed between 100 and 300 cm !, and the high
frequency G-bands are shown between 1550 and 1605 cm ™'

The frequency of the RBM mode (wggnm), Which is the feature of
primary interest for SWCNT, allowed the determination of the
average diameter of the SWCNT (d) as 1.8 nm, since a relation
has been established [30]: wrgm=(234 cm~! nm/d)+10cm .
In turn, the G-bands have two main components (G* and G™)
which are not affected by the defects on SWCNT structure, and
they are composed of several tangential modes due to stretching
vibrations of the SWCNT sidewall C-C bonds [31]; the G* feature
is observed at 1590 cm~! due to in-plane vibrations along the
nanotube axis, while the G~ feature at 1570 cm™! is attributed
to in-plane vibrations along the circumferential direction.
On the other hand, the line shape of the G-band can be used to
differentiate metallic and semiconducting SWCNTSs; the pattern
shown in Fig. 1 can be compared to that present in the work of
Dresselhaus et al. [30] where the peak at 1590 cm ™! is associated
with a semiconducting SWCNT. In turn, the weak frequency
peak at ~1570cm~! (G~ band), with its commonly called
Breit-Wigner-Fano line shape, is originated from the electron-
phonon interactions in the metallic SWCNT.

An additional feature at about 1300 cm~! (D-band) is attrib-
uted to a second-order Raman scattering process, which char-
acterizes the structural disorder of the sp?-hybridized carbon.
In Fig. 1, such a band is very small which means that the
impurities (e.g., carbonaceous materials), defects, and disorder
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Fig. 1. Baseline corrected Raman spectrum of SWCNT dispersed in sodium cholate
(recorded with 1064 nm laser excitation wavelength).
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Fig. 2. Output characteristics (for Vg curves between —5 and +5V) for one
typical NTFET device. The lower inset shows photographic images of a PCB with
three mounted FET and a zoom image of the silicone chamber where the sensing
experiments were performed. The upper inset shows a schematic cross section of
the NTFET device with a zoom SEM image (obtained from a SU-70 SEM micro-
scope) of the network of SWCNT.

effects are minimal. On the other hand, the very low value of
D/G™ intensity ratio (~0.02) is an indicator of the quality of the
dispersed SWCNT [30].

With the study of Raman spectrum, the electrical nature of the
SWCNT network used for the assembly of NTFET devices can be
identified. Thus, after the deposition of SWCNT onto a cleaned FET
surface, the electrical properties of NTFET devices could be
measured at room temperature and in real-time. All measure-
ments were carried out on a closed box (test fixture), and the
analysis of any solution was performed in the silicone chamber, as
shown in the lower inset on the right of Fig. 2.

The output characteristics (Ip-Vp graph) of NTFET devices
were checked, as shown in Fig. 2, for one typical NTFET device;
various Vg curves (between —5 and +5 V) were plotted as the
means of three successive measurements.

Fig. 2 shows that with increasing values of Vg (from —5 to +5V),
the Ip values decreased from 86.3 to 49.1 nA at Vp=+1V, thus
suggesting that the conduction process corresponds to hole transport
as usually observed in SWCNT [32]. On the other hand, Fig. 2 and its
upper inset also show that the ON/OFF ratio was as low as reported
on other works with network-based devices [17-19], since the

electrical signal is due to both semiconducting and metallic CNT.
In addition, a SEM image was shown in the lower inset of Fig. 2,
where a dense network of SWCNT was observed.

3.2. Immobilization of antibodies

Fig. 3 shows the output characteristics of a typical NTFET
device (at Vg=+1 V) before and after the modification of NTFET
surface with specific antibodies for CRP (anti-CRP).

The direct charge transfer is one of the proposed mechanisms
about how the immobilization of charged analytes can affect the
conductance of SWCNT [28]. Thus, and according to our experi-
mental data shown in Fig. 3, the adsorption of a charged
biomolecule at the nanotubes surface leads to a decrease of Ip
values of 88% (at Vp=+1 V), which means that the immobiliza-
tion of anti-CRP onto SWCNT has occurred. As reported in the
work of Teker et al. [32], where a decrease in current of NTFET
with the exposure of antibody molecules on the CNT channel
occurred, the amine groups of antibodies provide electrons for
nanotubes, reducing the number of holes (major charge carriers),
and consequently also reducing the drain current.

3.3. Detection of CRP through NTFET devices

After the characterization of the NTFET devices (Figs. 2 and 3)
and performing the control experiments (available in Appendix A,
Supplementary materials), NTFET devices were tested for their
sensing toward CRP. The detection of CRP of different concentra-
tions (from 10~4 to 10% pg/mL) was carried out through the
measurement of drain current (at Vg=+1V and Vp=+1V) on
three individual NTFET devices for each CRP concentration. The
plot of the analytical response (current change, Alcgp) is shown in
Fig. 4; each data point represents an average value based on three
successive measurements, which standard deviation is reflected
in each error bar. The analytical response (Alcgrp) Was considered
as the change in drain current of NTFET devices by the interaction
of CRP with their specific antibody (Alcgrp=Icrp — lanti-crp)-

As a result of the binding events, i.e., antibody-antigen inter-
actions, the geometrical deformation of nanotubes could occur,
thus increasing the scattering centers among them [33], and
specifically decreasing the current. This mechanism leads to
differences in current behavior on NTFET devices. As shown in
Fig. 4, the current change decreases with the increase of CRP
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Fig. 3. Change in output characteristics (at Vo= +1 V) of a typical NTFET devices
before (®) and after (V) the incubation of anti-CRP (1 g/L) for 1 h; the errors bars
represent the standard deviation of three successive measurements.
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Fig. 4. Variation of the analytical response obtained from three individual NTFET
devices per CRP concentration between 10~* and 10~2 pug/mL (error bars
represent the standard deviation). The inset graph shows the log-log regression
analysis for the mean current change (response) of NTFET devices to CRP through
immunoreaction (with schematic in inset graph).

concentrations from 10~# to 10? pug/mL. Such analytical response
due to the lower variation of current change occurred in NTFET
devices with the addition of increasing concentrations of CRP,
could also be explained by the charge tunneling with the receptor
analyte (anti-CRP), which reduces the mobility of holes (major
carriers) [34] thus leading to the decrease of the current of
devices.

The variability of the current change was estimated from the
coefficients of variation (CV), which were calculated from the
standard deviation observed in Fig. 4 for each CRP concentration.
The current change for the three individual NTFET devices was
13.8, 8.2, 1.4, 14.5, 12.9, 5.6, and 8.8% for the successive decimal
concentrations of CRP between 10 and 10? pug/mL, respectively,
with an average CV of 9.2 + 4.7%. Thus, some variability on the
response was recorded which can affect the reproducibility of
devices. Such device-to-device variation after the interaction of
biomolecules can be due to: (a) the random nature of nano-
tubes networks in terms of their chirality and their diameter;
(b) variations in nanotubes density; (c) bundling of SWCNT
networks; and (d) ratio of metallic and semiconducting nano-
tubes [35]. Such physical features can affect the electronic
structure of SWCNT and consequently their mobility and current
on each device. However, the ANOVA applied to the experimental
data showed that there is not a statistically significant difference
(p=0.9582) between various NTFET devices for the same con-
centration of CRP; as expected, it was also verified that there is a
statistically significant difference (p=1.3 x 10~1%) between the
different levels of concentrations.

Based on the response of NTFET devices to CRP, as shown in
Fig. 4, the best calibration model was sought for fitting the
experimental data. In a first step, a logistic regression model
based on a four-parameter logistic (4PL) curve, as shown in
Fig. B.1 (available in Appendix B, Supplementary materials), was
applied to the experimental data, since such calibration curve
is recommended for limited reagent immunoassay [36], also
being the most used calibration model of immunoassays [37].
An appropriate adjustment to the experimental data was
obtained since acceptable value for the determination coefficients
(R? of 0.9809; p < 0.0001) was found as estimate of the goodness
of fit; an adequate fit standard error of 0.316 was also found as
measure of the regression variability. However, such 4PL model
has the limitation of only the linear region of the function (with
four calibration points from 10~! to 10 pg/mL) can be used for

further determination of unknown concentrations, restricting the
working range. In addition, the estimation of the concentrations
of CRP from the 4PL model (through recovery functions) is
inadequate since high recoveries of 155% and 36% were observed
for the low and high plateaus of concentrations, respectively
(with recoveries of 106 +25% for concentrations in the central
region of 4PL curve); therefore, if the estimated concentrations
are outside such linear range, the experiments should be repeated
by diluting the sample. Then, in order to attempt to use the
entire range of concentrations, the analytical response from
Fig. 4 was plotted in a logarithmic scale as a function of the
logarithmic concentration of CRP, as observed in the inset of
Fig. 4. Then, a seven-point log-log curve fitting was obtained
with better goodness of fitting (r=0.996, p < 0.001 with adjusted
r? of 0.991) than that obtained by 4PL model, with the poss
ibility to use the broad range of CRP concentrations (seven orders
of magnitude). A regression represented by logy=0.320( +
0.0152)—-0.174( 4+ 0.00680)log x was obtained in a dynamic linear
range from 10~ to 10? pg/mL (with fit standard error of 0.036),
where y is the current change, and x is the concentration of CRP.
Furthermore, the practical value of such disposable biosensing
devices is here highlighted since it includes the normal concen-
tration range of CRP levels in human blood serum (1-3 pg/mL), as
well as it includes values below 1 pg/mL, and above 3 pg/mL of
CRP. In other words, residual CRP levels between 0 and 0.1 pg/ml
can be detected corresponding to the typical values for a healthy
subject without any sign of inflammations, as well as it becomes
possible to identify pathological cases (levels higher than 5 pg/
mL). The developed NTFET devices also have the advantage of
detecting CRP concentrations up to 100 pg/mL, which means that
the high risk of cardiovascular diseases can be assessed when
devices will be applied to real samples of blood serum. In
addition, the dynamic linear range obtained with our devices
(1074—-10% ug/mL) is broadest than that of traditional high-
sensitivity immunoassays for CRP in serum, which is between
5 and 10 pg/mL [4,5].

Concerning the sensitivity of NTFET devices, estimated as the
experimental slope of the calibration curve (inset of Fig. 4), it is
shown that a decrease of response (current change) by about 0.2%
is observed for every 1% of CRP concentration increase. In turn,
the limit of detection (LOD) obtained was about 10~* ug/mL,
considering the LOD as the detectable minimum concentra-
tion, which is better than the traditional immunochemical
assays (LOD from 0.03 to 0.2 pg/mL) on 2-3 orders of magnitude.
On the other hand, the LOD of the NTFET devices is much
lower than the clinical relevant range of concentrations in serum,
and it is better than other measurement systems used for the
detection of CRP, for example, optical RNA-based aptasensor [8],
chemiluminescence-based microfluidic system [9], and magnetic
sensor [7], with LOD values of 5x1073, 1.25x1072 and
2.5x 1072 pg/mL, respectively. Furthermore, only 1pL of CRP
solution are used to the measurements in the range of 10~* and
10% ug/mL, being competitive with the above mentioned biosen-
sing systems. Furthermore, Table C.1 (available in Appendix C,
Supplementary materials) shows a favorable comparison of the
analytical figures of merit (linear range and LOD) of this work
against some recent biosensors for CRP detection.

According to International Union of Pure and Applied Chem-
istry [38], recovery testing (%) was performed through the
comparison of the CRP concentration estimated by the regression
model (inset of Fig. 4) with respective known concentration;
average recoveries between 88% and 115% were obtained from
the broad range of CRP concentrations.

In addition, it should be noticed that the disposable NTFET
devices could become a potential alternative for the detection of
CRP in saliva as a non-invasive sampling methodology, since the
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linear range that should be covered in saliva is between 10~2 and
3 x 1072 ug/mL [39] which is well within the range covered by
our biosensing devices (10~%—10? pug/mL).

4. Conclusions

The importance of the CRP as a significant and relevant proxy
for assessing the risk of cardiovascular diseases, and other
diseases associated to inflammatory processes, has been recog-
nized from many years. Although some literature on NTFET
biosensing has been conducted with semiconducting nanotubes,
we demonstrate for the first time the possibility of detecting CRP
by immunoreaction and electrical mechanism with nanotubes
networks. The antibodies used for the specific interaction with
CRP allow the detection of such inflammatory biomarker on a
dynamic linear range over seven orders of magnitude (10~%
to 10% ug/mL), from a log-log regression model (r=0.996;
p<0.001). Thus, the NTFET devices are capable of detecting
residual levels of CRP in healthy persons without any sign of
inflammation, as well as critical levels of CRP responsible for
pathological evidences. The cost-effectiveness of analysis as well
as the rapid and simple use associated to the disposable NTFET
devices makes them much more fit for purpose and advantageous
than already available analytical systems. Furthermore, NTFET
devices use a simple label-free methodology for sensing, and
obtaining lower LOD than the conventional immunoassays, thus
becoming an alternative as the basis for the use of point-of-care
testing methodology for patients with high risk of cardiovascular
diseases.
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