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Biomolecular detections performed on carbon nanotube field-effect transistors (CNT-FETs) frequently use reactive pyrenes as
an anchor to tether bioactive ligands to the hydrophobic nanotubes. In this paper, we explore the possibility of directly using
bioactive aromatic compounds themselves as CNT-FET ligands. This would be an efficient way to functionalize CNT-FETs since
many aromatic compounds bind avidly to nanotubes, and it would also ensure that ligand-binding molecules would be brought in
close proximity to the nanotubes. Using a model system consisting of pyrene, phenanthrene, naphthalene, or phenyl boronic acids
immobilized on CNT-FET wafers, we show that all are able to bind glycated human serum albumin (gHSA), which is an important
diabetes marker. Pyrene boronic acid proved to bind CNTs with the greatest apparent affinity as measured by gHSA impedance.
Interestingly, gHSA CNT-FET signal intensity, which is proportional to amount of protein bound, remained essentially unchanged
for all the boronic acids tested.

1. Introduction

A variety of biomolecular sensors have been developed that
circumvent the need for labeled detector molecules such as
secondary antibodies. Label-free detection technologies can
thus dramatically cut down on the time and cost of clinical
assays by removing the need for labeling and imaging. And
increased real-time and quantitative information on patient
biomarkers is a critical step towards efficient personalized
medicine.

Label-free detection of biomolecules based on their
charge can be achieved through field-effect transistors
(FETs), including carbon nanotube field-effect transistors
(CNT-FET). Single-walled carbon nanotubes (SW-CNTs)
are manufactured nanomaterials that have great potential for

producing superior electronic instrumentation and detectors
for biomedical applications [1, 2]. SW-CNTs are essentially
rolled-up graphite sheets that retain their excellent semicon-
ductor properties in addition to their polyaromatic chemical
nature [3–5]. Noncovalent attachment of ligands to CNTs is
less likely to damage their structure, but the concentration
of ligands bound to the nanotubes is a critical factor that
influences signal strength. High densities of adsorbed ligands
can lessen the signal through molecular crowding and low
ligand densities decrease the signal by binding fewer targets
[6]. Attaching ligands to CNT-FETs in such a way to generate
a strong and reproducible signal of a captured protein
is not a trivial matter. Some factors, not encountered in
most conventional solid-phase immunodetection methods,
also need to be taken into account. For example, a robust
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signal strength and consistency requires close proximity
of a captured protein to the CNTs because the charge of
the captured protein influences the current carried by the
nanotubes [7]. Additionally, ion concentrations of many
biological samples can reduce CNT-FET sensitivity and limit
their potential applicability [8, 9].

Glycated hemoglobin (HbA1c) is a well-established
marker for measuring the long-term effect of elevated blood
glucose, but levels of glycated human serum albumin (gHSA)
are a reliable intermediate glycemic indicator and is a more
accurate indicator of glycation in a number of situations
including patients with gestational diabetes [14, 15], diabetic
hemodialysis patients [16, 17], and in HIV-infected patients
undergoing aggressive antiretroviral therapy [18]. A rapid
test for gHSA as a monthly indicator of glycation could
bring about a substantial healthcare cost savings as well as
an increase in patient compliance [11].

Hence, the ideal ligands to functionalize CNT-FETs
would be small, hydrophobic molecules that directly bind
the nanotubes and their targets with high affinity. In this
study we evaluated if bioactive aromatic compounds can
serve this dual purpose. To examine this possibility we
use a model system consisting of aromatic boronic acids
(Figure 1). Immobilized boronic acids are commonly used in
diabetes research and clinical assays because they bind glu-
cose modified (glycated) proteins, which are elevated in dia-
betes. Protein glycation is a spontaneous and nonenzymatic
reaction between protein primary amino groups and some
sugars and is the first step in a complex cascade of chemical
reactions that can eventually lead to formation of highly
crosslinked and nonfunctional proteins. These deleterious
modifications occurring on extravascular proteins that are
important in maintaining vascular tone can lead to impaired
circulation, which is the underlying cause of many diabetic
complications [10].

An early product of the glycation process is an N-
linked fructosamine adduct [11]. This fructosamine-protein
adduct has a 1,2 cis-diol which can form covalent ester
bonds with boronic acids (Figure 2). Immobilized amino-
phenyl boronic acid is commonly used as an affinity ligand
for glycated proteins because of this stereo-specific bond
formation [12]. Aromatic boronic acids are also being
developed as fluorescent reporter groups to directly measure
glycated proteins in patient samples [13].

We found that the aromatic boronic acids immobilized
on our CNT-FET wafers bind gHSA as monitored by the
increase in impedance. Their apparent affinity for the CNTs
was in the increasing order of phenyl < naphthalene <
anthracene < pyrene. The optimal coating concentration
for pyrene boronic acid was 2 mM, followed by anthracene,
naphthalene, and phenyl boronic acids at 14 mM, 41 mM,
and 70 mM, respectively.

Nanosensors that are able to monitor glucose concentra-
tions have been reported [19, 20] and developing a functional
CNT-FET sensor that can also measure the glycation index
could herald the advent of millimeter-scale diabetes moni-
toring systems that could be a part of a comprehensive sensor
for personalized diagnosis and treatment for diabetes.
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Figure 1: Structure of the boronic acids used in this study.
(a) Phenyl boronic acid. (b) Naphthalene-1 boronic acid. (c) 9-
Phenanthrene boronic acid. (d) Pyrene-1 boronic acid.

2. Materials and Methods

2.1. Materials. Single-walled carbon nanotubes containing
about 70% conducting nanotubes with diameters between
0.7 to 1.4 nm and length between 20 to 80 nm were purchased
from Carbon Nanotechnologies Inc. 92 sample-well CNT
wafers were manufactured by NanoPlatform Inc. using stan-
dard photolithography and lift-off process. 9-Phenanthrene
boronic acid, naphthalene-1 boronic acid, sorbitol, dimethyl
formamide, and ethanol were purchased from VWR. Pyrene
boronic acid, phenyl boronic acid, glycated human serum
albumin (contains 1–5 mol fructosamine per mol albumin),
and MOPS were purchased from Sigma-Aldrich. All chemi-
cals were used as received.

2.2. Measuring Glycated Human Serum Albumin Using Car-
bon Nanotube Field Effect Transistors. We have developed
and manufactured an inexpensive CNT-FET wafer-based
biosensor and have used it to measure serum insulin-like
growth factor-1 (IGF-1) in a preclinical mouse model of
human Brca1-related breast cancer. A description of the
92 circuit CNT-FET wafers used for this study and their
characteristics were previously described by Jones et al. [21].
The aromatic boronic acids used in this study (Figure 1) were
dissolved in DMF. Optimal coating concentrations of the
boronic acids were determined by performing serial dilutions
in DMF and applying them to the CNT-FET. 4 μL of the
DMF mixtures were incubated with CNT circuits for 30 min
at RT in a closed container to prevent evaporation. After
incubation, the wafers were briefly washed with ethanol to
remove excess reagent and then air dried for 1 hr at RT
prior to use. For the assays, a baseline impedance value for
the circuit was obtained after adding 4 μL of 0.1 M MOPS
pH 7.5, 5 mM MgCl2 (binding buffer) to the circuit for
approximately 30 sec, after which 4 μL of glycated human
serum albumin (gHSA) in the same buffer was carefully
admixed on the circuit and change in impedance measured
for 2 additional minutes. The impedance value for each
gHSA measurement was normalized to the corresponding
buffer baseline value. Each sample was measured at least in
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Figure 2: Formation of covalent ester bonds between pyrene boronic acid and a 1,2-cis diol. The cis-diol is depicted as a fructosamine-protein
adduct. The boronic acid is planar and can therefore only form a bond with planar cis-diols.

quadruplicate using a fresh circuit for each measurement. A
source/drain bias of 100 mV was maintained throughout the
measurements of the electrical signal and the pulse width was
1 sec. The reference electrode is the back (bottom) side of the
grounded wafer. The device uniformity was not optimized
for entire wafers, but individual circuits used for the assays
were carefully evaluated before experiments. The selected
CNT-FET circuits ranged typically between five and ten in
on-off ratio. The electrical properties of the samples binding
the CNT-FET were measured using a low-current measure-
ment system (MediSourcePlus Inc.) that makes electrical
contact to the source and drain electrodes of the CNT-
FET. The transfer characteristics of this circuit design were
previously characterized for detection of prostate-specific
antigen and IGF-1 [6, 21]. Briefly, typical observed electronic
transfer changes from 20 to 10 nanoamperes before and after
the antibody immobilization on the CNT-FET circuits when
Vds and VG are 0.1 and −0.1 volt, respectively. The response
in the electrical signal is typically in the range of 2 to 15% in
the normalized units. A typical response of gHSA binding to
the pyrene boronic acid immobilized on CNT-FET is shown
in Figure 3. Unpaired t-test was performed using GraphPad
online calculator.

3. Results and Discussion

Noncovalent functionalization of carbon nanotubes using
1-pyrenebutanoic acid succinimidyl ester has emerged as
the method of choice for ATTACHING BIOLOGICAL
molecules such as antibodies and aptamers to CNT-FETs
[22–24]. In practice, the CNTs are allowed to absorb the
hydrophobic pyrene followed by removal of excess unbound
pyrene and addition of protein which reacts with the
succinimidyl ester moiety [25]. Using reactive pyrenes for
immobilizing biological molecules onto CNTs is a simple and
convenient procedure, and they are readily available from
many commercial vendors. However, these reactive pyrene
compounds were initially developed as labels for fluorescent
polarization studies due to the long lifetime of the excited
state of pyrene [26, 27]. Pyrene butanoic acid succinimidyl
ester has a 4-carbon spacer arm separating the amine reactive
succinimidyl ester from the pyrene moiety. Incorporating
spacers on fluorescent protein labels is a practical matter
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Figure 3: Representative real-time change in impedance upon
binding of 5 μg/mL gHSA to pyrene-1 boronic acid coated CNT-
FET circuit (solid red line) and to noncoated CNT-FET circuit
(dotted blue line). Arrow indicates the time of sample application.

since they can increase access of bulky and hydrophobic
fluorescent groups to protein surface groups while mini-
mizing any direct effect labels have on protein structure
and vice versa. Using a spacer for CNT-FET detection has
potential drawbacks because the interactions of the ligand
and target occur further from the nanotube surface and will
diminish the signal [8]. This issue is acerbated by the high
salt concentration in biological samples because ions shield
the charge effect that captured proteins have on the CNT
current (Debye length). The Debye length is defined as the
distance after which mobile charges, such as ions, will screen
out the electric field strength. It is inversely proportional to
the square root of the ionic concentration of the medium
so at physiological ion concentrations (∼150 mM) the Debye
length will be around 1 nanometer, which is close to the
length of a 4-carbon spacer [28, 29]. In some cases reducing
the salt concentration can resolve the issue of distance [30,
31]. In other cases this would not be an option because
reducing the ionic strength of biological samples can cause
protein denaturation and/or precipitation in addition to
cell lysis if whole blood is being assayed. Therefore using
bioactive aromatic compounds directly as CNT-FET ligands
could offer a simple solution to these issues.
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Figure 4: Representative partial titration curves showing the
peak coating concentrations of aromatic boronic acids on CNT-
FET circuits. Detection of bound boronic acids was achieved by
measuring the CNT-FET electrical properties in the presence of
5 μg/mL gHSA. From left to right, the curves are pyrene-1 boronic
acid (red �), 9-phenanthrene boronic acid (blue �), naphthalene-1
boronic acid (black �), phenyl boronic acid (green �). Each partial
titration curve shows at least 3 concentrations of the boronic acids
with each point measured in quadruplicate ± standard error of the
mean.

To evaluate the utility of aromatic boronic acids as direct
CNT-FET ligands, we first determined the optimal coating
concentrations for the boronic acids. Stock solutions of the
aromatic boronic acids were made in dimethyl formamide
(DMF) and titrated 3-fold in DMF down to approximately
0.05 mM after which aliquots of the dilutions were added to
CNT-FET wafers as described in Section 2. After incubation
and a brief wash with ethanol followed by drying, the
binding of gHSA was measured as described in the Section 2.
The concentration of gHSA used in this study (5 μg/mL) is
well within the range of plasma gHSA in normoglycemia
and hyperglycemia, which are approximately 14% and
25% of total serum albumin (4-5 g/liter), respectively [32].
Furthermore, changing the ionic strength of the buffer used
for these studies did not significantly influence the CNT-FET
signal upon gHSA binding to pyrene boronic acid coated
circuits, which indicates that the gHSA is in close proximity
to the CNT surface (data not shown).

Figure 3 shows typical real-time binding of gHSA to
CNT-FET wafers coated with 2 mM pyrene boronic acid
compared to control, which is gHSA added to uncoated
CNT-FET. Higher than optimal coating concentrations of
the boronic acids resulted in lower impedance of gHSA,
possibly due to aggregation of the compounds onto the CNTs
during the ethanol wash. Furthermore, extensive washing
of the CNT-FET wafers with ethanol spray removed the
smaller phenyl and naphthalene aromatic boronic acids
from the wafers (data not shown). In order to perform the
experiments with all aromatic boronic acids, the washing
step consisted of rapidly immersing the wafers into a 95%
ethanol bath and air drying.

Figure 4 shows representative partial titration curves
of each of the aromatic boronic acids onto CNT-FETs
followed by addition of 5 μg/mL gHSA and demonstrates
an increase in impedance upon binding of the protein.

Table 1: Summary of the binding studies performed with the
aromatic boronic acids on the CNT-FET wafers. The studies were
performed as described in the text and represent the average of at
least 2 titration curves for each boronic acid. Each titration curve
represents at least 5 concentration points of the boronic acids with
each point measured in quadruplicate.

Boronic acids
Optimal coating

concentration
Peak impedance
value of gHSA∗

Phenyl boronic acid 70 mM (±6.2 mM) 12.5% (±5.4%)

Naphthalene boronic
acid

41 mM (±4.8 mM) 10.6% (±3.2%)

Phenanthrene boronic
acid

14 mM (±7 mM) 12.2% (±2.8%)

Pyrene boronic acid 2 mM (±1.2 mM) 13.2% (±4.2%)
∗Impedance increases were assessed at the optimal coating concentrations
for each boronic acid and represent the percent increase in the impedance
compared to baseline.

The increase in impedance upon binding of gHSA to
boronic acid coated CNT-FET circuits is likely due to the
interactions of electron donating primary amine groups
of proteins with the CNTs, which has been shown to
decrease conductance (e.g., increase impedance) [33–36].
Table 1 summarizes the results of these experiments for
all the aromatic boronic acids and demonstrates that the
observed optimal coating concentrations were lowest for
pyrene-1 boronic acid (2 mM), followed by 14 mM for 9-
phenanthracenyl boronic acid, 41 mM for naphthalene-1
boronic acid and 70 mM for phenyl boronic acid. These
values are in good agreement with other observations,
including those of Yoo et al. [37] that demonstrated that
retention of aromatics on immobilized single-walled CNTs
solid-phase column, which is a qualitative metric for binding
affinities was benzene < naphthalene < phenanthrene <
pyrene.

To verify the specificity of the assay, CNT-FETs wafers
were coated with pyrene boronic acid at optimal coating
concentration, and the impedance was measured with differ-
ent gHSA concentrations. Figure 5(a) shows the response of
the CNT-FET and demonstrates a concentration-dependant
increase in the gHSA signal. Further verification of the
specificity of the assay was performed by measuring gHSA
binding on CNT-FETs coated with the aromatic boronic
acids in the presence of 20 mM sorbitol (Figure 5(b)).
Sorbitol is a 6-carbon polyalcohol that contains a cis-diol and
is frequently used as a competitive ligand to elute glycated
proteins from boronic acid affinity columns [38]. As seen in
Figure 5(b), inclusion of excess sorbitol in the assay inhibits
the binding of gHSA to the boronic acid coated CNT-FET
wafers.

Interestingly, there was little difference in the gHSA signal
amplitude, with Table 1 showing that the impedance was
elevated between 10% and 15% regardless of which aromatic
boronic acid was coated onto the CNT-FET wafers. One
possibility for these results is that the aromatic boronic acids
used in this study are planar and rigid AND will likely form
π-π interactions with CNT sidewalls which offer the least
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Figure 5: Titration of gHSA onto CNT-FET circuits coated with
2 mM pyrene boronic acid. (a) Inhibition of gHSA binding to
aromatic boronic acids coated onto CNTs (dark bars) by addition
of sorbitol (white bars). (b) 0.1 M MOPS buffer containing
20 mM sorbitol was incubated on the circuits for 30 seconds
before addition of 10 μg/mL gHSA containing 20 mM sorbitol,
as described in Section 2. Each sample was measured in at least
hexuplicate. Unpaired t-test showed significance P < 0.05 for all
sorbitol additions.

curvature and thus the largest surface area available for π-
π interactions. A similar observation was inferred from the
interactions of the cancer drug doxorubicin with single-
wall CNTs of different diameters [39]. Doxorubicin, like
pyrene boronic acid, is a planar polycyclic and hydrophobic
compound that adheres readily to CNTs. However, the
release of doxorubicin into solution from CNT preparations
with an average diameter of 1.3 nm was faster than from
CNTs with an average diameter of 1.9 nm. This difference
was surmised to be due to a more favorable π-stacking
of doxorubicin onto larger diameter CNTs because they
have flatter sidewalls. In comparison, doxorubicin is retained
much more readily on graphene because of its flat structure
[40].

4. Conclusion

It is our opinion that ideal CNT-FET ligands for detecting
and measuring biological targets should be small and
hydrophobic. These attributes would allow for efficient CNT
coating and assure that the target is binding the ligand

in close proximity to the CNT surface. Additionally, the
close binding would not require dilution of the biological
sample to reduce ion concentrations. In the present study
we demonstrate that aromatic boronic acids can be used
directly as CNT-FET ligands for detecting diabetes markers.
Our data indicates that of these compounds, pyrene boronic
acid was superior to the smaller aromatics with respect to
retention, but the performance of all aromatic boronic acids
were similar in their ability to bind gHSA and were not
adversely affected by the buffer concentration in the assay.
Further studies are required to assess the performance of
the CNT-FET wafers for measuring the concentrations of
glycated protein markers in a clinical setting.
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