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Polymeric integration of structure-
switching aptamers on transistors for
histamine sensing†
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Aptamers that undergo large conformational rearrangements at the surface of electrolyte-

gated field-effect transistor (EG-FETs)-based biosensors can overcome the Debye length

limitation in physiological high ionic strength environments. For the sensitive detection of

small molecules, carbon nanotubes (CNTs) that approach the dimensions of analytes of

interest are promising channel materials for EG-FETs. However, functionalization of

CNTs with bioreceptors using frequently reported surface modification strategies (e.g.,

p–p stacking), requires highly pristine CNTs deposited through methods that are

incompatible with low-cost fabrication methods and flexible substrates. In this work, we

explore alternative non-covalent surface chemistry to functionalize CNTs with

aptamers. We harnessed the adhesive properties of poly-D-lysine (PDL), to coat the

surface of CNTs and then grafted histamine-specific DNA aptamers electrostatically in

close proximity to the CNT semiconducting channel. The layer-by-layer assembly was

monitored by complementary techniques such as X-ray photoelectron spectroscopy,

optical waveguide lightmode spectroscopy, and fluorescence microscopy. Surface

characterization confirmed histamine aptamer integration into PDL-coated CNTs and

revealed ∼5-fold higher aptamer surface coverage when using CNT networks with high

surface areas. Specific aptamers assembled on EG-CNTFETs enabled histamine

detection in undiluted high ionic strength solutions in the concentration range of 10 nM

to 100 mM. Sequence specificity was demonstrated via parallel measurements with

control EG-CNTFETs functionalized with scrambled DNA. Histamine aptamer-modified

EG-CNTFETs showed high selectivity vs. histidine, the closest structural analog and

precursor to histamine. Taken together, these results implied that target-specific
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aptamer conformational changes on CNTs facilitate signal transduction, which was

corroborated by circular dichroism spectroscopy. Our work suggests that layer-by-layer

polymer chemistry enables integration of structure-switching aptamers into flexible EG-

CNTFETs for small-molecule biosensing.
1 Introduction

Electrolyte-gated eld-effect transistors (EG-FETs) are becoming the transducer of
choice for many biosensors due to their superior electronic properties and
intrinsic signal amplication, which allows the sensitive detection of small
molecules.1–4 The formation of an electric double layer at the electrolyte/
semiconductor interface of EG-FETs leads to a large gate capacitance, which
enables device functionality below ±1 V, a necessary condition when using water-
based electrolytes; electrochemical decomposition occurs at 1.23 V.5 Among the
channel materials for EG-FETs, carbon nanotubes (CNTs) have demonstrated
high potential for sensitive small-molecule biosensing, due to nanometric
dimensions comparable to analytes of interest. With diameters that vary from
0.4 nm to 100 nm and a length up to tens of micrometers, CNTs have high aspect-
ratios and subsequently high surface areas available for functionalization with
bioreceptors.6,7 Furthermore, the solution processability of CNTs enables their
integration into diverse substrates: from rigid substrates to exible foils.6,8 To this
point, CNT-based EG-FETs (i.e., EG-CNTFETs) have shown promising results in
the eld of small-molecule biosensing, demonstrating sensitivities down to pM
concentrations in clinically relevant environments.3,9–11

To enable sensitive detection of small-molecule targets using EG-CNTFETs, the
choice of the biorecognition element is extremely critical: target binding must
induce signal transduction within or near the Debye screening length (lD), which
is <1 nm for biological environments.1 Structure-switching aptamers have been
previously shown to full this requirement.1,4,12–14 Aptamers are articial single-
stranded oligonucleotides designed to recognize targets of interest with high
affinity and selectivity through combinatorial in vitro selection.15–18 For certain
sequences designed to undergo conformational changes upon target recognition,
the negatively charged phosphate backbone moves within or near the lD. This
aptamer rearrangement subsequently modulates the semiconductor surface
charge density, which is transduced as target-specic signals even in physiolog-
ically relevant milieus.

In addition to carefully selecting the bioreceptors that facilitate signal trans-
duction in high ionic milieus, the choice and validation of the optimal func-
tionalization strategy is also a key aspect to take into account. The surface
modication is particularly challenging on EG-CNTFETs due to the highly
hydrophobic nature of CNTs. Traditional CNT functionalization consists of either
covalent or noncovalent surface modication routes.6 Covalent functionalization
couples biorecognition elements directly to the oxidized surface of CNTs.19 While
this functionalization strategy provides a durable bond, the procedure of gener-
ating functional groups on the CNT surfaces (e.g., the use of strong oxidizing
agents) can generate defects in the nanotube structures. Therefore, noncovalent
functionalization is favorable, as the carbon atoms in the CNTs keep their sp2

hybridization and maintain their optimal electrical properties.8,20 Noncovalent
44 | Faraday Discuss., 2024, 250, 43–59 This journal is © The Royal Society of Chemistry 2024
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modications involve physical adsorption of biorecognition elements onto the
CNT surface through p–p, hydrophobic, or electrostatic interactions.21,22

The traditional noncovalent functionalization of CNTs is through the usage of
1-pyrenebutyric acid N-hydroxysuccinimide ester (PBASE) as a linker molecule.
Here, the benzene rings of PBASE attach to the CNTs due to p–p stacking inter-
actions, while the ester remains free to react with the primary amines of bio-
recognition elements.6,8 While effective, this functionalization strategy can only
be employed on the surface of highly puried CNTs, oen directly grown onto
substrates using chemical vapor deposition (CVD).23–26 Using CVD, semi-
conducting CNTs with the necessary high purity level can be integrated into
devices. However, this technique suffers from several limitations such as expen-
sive infrastructure compared to other deposition techniques.27Moreover, the high
temperature requirements (from 550 to 1000 °C) for CVD synthesis, hinder the
possibility to deposit the CNTs on polymer-based substrates.6 Specic applica-
tions including wearable electronics or food safety, require so and exible
substrates to interface with non-rigid surfaces such as skin and packaging,
respectively. An alternative cost-effective and scalable technique compatible with
coating polymeric surfaces, involves spray deposition of solution-processed
CNTs.28

However, spray deposition results in CNT coatings that lack the necessary
purity level for noncovalent surface modication using p–p stacking. To over-
come this issue, we investigated a different route of surface modication, har-
nessing electrostatic and hydrophobic interactions to assemble polymer coatings
on CNTs.29 The CNTs were coated with poly-D-lysine (PDL) lms that are positively
charged to attract the assembly of negatively charged DNA aptamers.30 An
advantage of this chemistry, is that polymer-coated EG-CNTFETs have reported
improved stability and sensor performance as the CNTs are no longer in direct
contact with the electrolyte and are less inuenced by solution ions.31,32

Oen in CNT-based biosensing reports, surface functionalization is only
validated via the electrical characterization (i.e., current vs. voltage characteristics
or transfer curves).8,19,23 While the shi in the transistor transfer curves may
indicate effective functionalization, observed changes may also be a result of
sensor dri over time or altered environmental conditions (e.g., solution evapo-
ration leading to changes in ionic content) as the sensing area is highly sensitive
to any changes in charge distribution.33 To this point, the sequential surface
assembly of biorecognition elements should be characterized using comple-
mentary methods to ensure robust functionalization.

Herein, we characterized the layer-by-layer surface modication of spray-
deposited CNTs with PDL and subsequent integration of histamine-specic
aptamers (Fig. 1). Importantly, this histamine aptamer was recently isolated
through a selection method that produces sequences that undergo substantial
structural rearrangements upon target recognition.34 Thus, histamine was used as
a model small-molecule target to interrogate whether electrostatically adsorbed
aptamers undergoing conformational changes may enable signal transduction at
CNT surfaces in high ionic strength environments. In addition, histamine is an
important biogenic amine to detect in biomedical diagnostics and food quality
assurance sectors.35,36 Taking advantage of the spray deposition method, we
assembled the polymer-aptamer lm on exible polyimide substrates, which may
be integrated into future wearables or food packaging. The surface assembly was
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 250, 43–59 | 45
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Fig. 1 Schematic representation of sequential functionalization on the surface of elec-
trolyte-gated carbon-nanotube (CNT) field-effect transistors. First, the network of CNTs is
coated with poly-D-lysine (PDL). The adhesion of PDL on the CNT surface arises from (1)
the electrostatic interaction between the negatively charged carbonyl/carboxyl groups on
CNTs and protonated amine groups on PDL, and (2) the hydrophobic interactions
between the non-polar hydrophobic butyl chain of the PDL and the CNT surface.29 Then,
histamine aptamers are assembled on the PDL-coated nanotubes via electrostatic inter-
actions between the highly negatively charged phosphate backbone of the aptamers and
the protonated amine groups on the PDL.
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monitored and validated using X-ray photoelectron spectroscopy (XPS), optical
waveguide lightmode spectroscopy (OWLS), and uorescence microscopy.

This functionalization strategy was then implemented in EG-CNTFET devices.
The histamine aptamer-PDL-modied EG-CNTFETs enabled detection of hista-
mine in the dynamic range of 10 nM to 100 mM. Sensorsmodiedwith control DNA
sequences with the same chemical signature as the histamine aptamer (number
and type of bases conserved but the order scrambled) reacted signicantly less to
histamine, indicating a target-specic response upon aptamer integration.
Further, the sensors demonstrated selectivity vs. the histamine precursor, histidine
with negligible responses. Circular dichroism spectroscopy conrmed the origin of
this selectivity: the histamine aptamer undergoes structure switching only in the
presence of histamine, which drives the target-specic sensor responses. Our
results suggest that the conformational changes of the histamine aptamer upon
target recognition occur within the lD limit at the surface of the EG-CNTFETs,
enabling histamine detection in undiluted high ionic solutions.
2 Materials and methods
2.1 Materials

All chemicals were purchased from Sigma-Aldrich, unless otherwise stated. All
solutions were prepared using deionized water with a resistivity of 18.2 MU cm
produced by a Milli-Q system (Millipore, SAS, France). 1× phosphate-buffered
saline (1× PBS) with a concentration of 137 mM NaCl, 10 mM phosphate,
2.7 mM KCl and pH 7.4, was used for all experiments, unless otherwise stated.
The histamine aptamer (5′-ACG TGC GCC AGA GCG TAT ACC GTT GGA TGA TGG
CCC GCG T-3′) with molecular weight 12 532.9 g mol−1 and a melting point of
84.2 °C, and scrambled sequence: (5′-CAA GTT CCT GGA GGG TCG ACG CAC GCG
TAA CCG TGT GGC T-3′) with molecular weight 12 532.9 g mol−1 and melting
point 84.2 °C were purchased fromMicrosynth AG (Balgach, Switzerland). All DNA
solutions (100 mM) were puried via high performance liquid chromatography
(HPLC), aliquoted, and stored at −20 °C until use.
46 | Faraday Discuss., 2024, 250, 43–59 This journal is © The Royal Society of Chemistry 2024
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2.2 Fabrication of EG-CNTFETs

The device fabrication was performed as described in a previous publication.37

The EG-FET layout consists of gold interdigitated electrodes (IDEs) for the source
and drain electrodes (channel length = 50 mm, channel width = 57 mm) and
a planar gold gate electrode. A single step of standard negative photolithography
was used to pattern the source, drain, and gate electrodes on the same layer,
followed by the deposition of 10 nm of titanium (adhesion layer) and 50 nm of
gold using electron beam, (SmartBeam EB-4, BeamTec Gmbh, Germany) thermal
evaporation (MBRAUN ProVap 5G, equipped with INFICON SQM-160 rate-
thickness monitor), and subsequent li-off.

The CNTs were prepared for the spray-deposition process in the form of
a water-based solution, in which 0.05% wt CNTs (95% semiconducting, median
length 1 mm, average diameter 0.78 nm, Merck KGaA, Darmstadt, Germany) were
dispersed using 0.5% wt sodium carboxymethyl cellulose (CMC) as the surfactant,
following the preparation protocol dened in our previous work through exten-
sive optimization.37,38 The spray deposition was conducted by an automated
system equipped with an industrial air atomizing spray valve (Nordson EFD, USA).
The nozzle to substrate distance was xed at 5 cm, the atomizing pressure was
kept at 0.5 bars. The speed of the moving arm was set at 150 mm s−1, and the
substrates were heated at 70 °C.37,38

Aer spraying, to remove the CMC surfactant and to enhance the conductivity
of the nanotubes, the devices were immersed in 2.90 M nitric acid (HNO3) for 1 h,
at room temperature,39 followed by a water bath for 30 min, and a nal drying step
on a hot plate at 100 °C for 30 min. The quality of the spray-deposited lms was
monitored by optical microscopy (Axio Imager, Carl Zeiss Microscopy GmbH,
Germany) and atomic force microscopy (Nanosurf CoreAFM, Switzerland).
2.3 Aptamer surface functionalization

The EG-CNTFETs were rst functionalized by drop-casting 40 mL PDL (100 mg
mL−1 prepared in 1× PBS) onto the CNT channel and incubating for 1 h at room
temperature. The excess PDL was removed by rinsing the devices twice with 1×
PBS. Histamine aptamers were diluted to 5 mM in 1× PBS and denatured at 95 °C
for 5 min and then renatured by cooling to room temperature.40 Then, 20 mL of the
histamine aptamers were drop-casted onto the functionalized EG-CNTFETs with
PDL and incubated for 1 h at room temperature. Aer this incubation step, the
remaining aptamer excess was removed by rinsing the devices twice with 1× PBS
prior to their experimental use.
2.4 X-ray photoelectron spectroscopy (XPS)

The XPS spectra were acquired with a Quantera PHI spectrometer, equipped with
an Al Ka monochromatic source (1486.6 eV), a hemispherical capacitor electron-
energy analyzer, and a 32–channel plate detector. All the spectra were acquired in
the xed-analyzer-transmission mode, using a nominal X-ray beam spot size of
either 100 or 200 mm. A low-voltage argon ion gun/electron neutralizer was used
during the analysis for charge compensation. The atomic fractions of the
detectable elements in the volume probed by the method were estimated using
the formula:
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 250, 43–59 | 47
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xa ¼ Ia=RSFa

Pn

i

Ii=RSFi

(1)

where Ii is the intensity of a signal, RSFi is the relative sensitivity factor. The RSI
values were taken from the analysis soware of the XP-spectrometer. The formula
provides estimates for the atomic fraction of the elements within the volume
probed by the technique, under the assumption that the analyzed samples are
homogenous in depth.
2.5 Optical waveguide lightmode spectroscopy (OWLS)

This method is based on the grating-assisted in-coupling of a He–Ne laser into
a planar waveguide and allows direct online monitoring of the optical “dry”mass
of macromolecular adsorption. Measurements were performed using a BIOS-I
instrument (ASI AG, Zürich, Switzerland) using a ow-through cell (8 × 2 × 1
mm3, PEEK) equipped with a Kalrez O-ring, and planar optical waveguides (8× 12
mm2) with titanium dioxide coating. Prior to anymeasurements, waveguides were
thoroughly rinsed with isopropyl alcohol followed by deionized water and nally
dried using compressed nitrogen. Waveguides were rst exposed to 1× PBS buffer
solution until a stable baseline was obtained. Then, 100 mg mL−1 PDL solution
(prepared in 1× PBS) was injected into the ow cell. To remove the excess PDL,
multiple rinsing steps were performed with 1× PBS. Aer reaching a stable
baseline, 5 mM of histamine aptamer solution (prepared in 1× PBS) was injected.
Excess aptamers were removed by rinsing with 1× PBS. The adsorbed mass
density data were calculated according to de Feijter’s equation:

madsorbent ¼ dfilm
nfilm � nsolvent

dn=dc
(2)

where dlm and nlm are the thickness and the refractive index of the added thin
lm, respectively, nsolvent is the refractive index of the medium, and dn/dc the
refractive index increment. The refractive index increment (dn/dc) value of 0.169
cm3 g−1 was calculated for PDL (see the calibration curve presented in Fig. S1†),
and 0.182 cm3 g−1 was used for the aptamer solution, assumed to be comparable
to protein solutions.41
2.6 Fluorescence microscopy

Aptamer functionalization was visualized using a confocal laser scanning
microscope (Olympus FluoView 3000). The samples were incubated with SYBR
gold dye (ThermoFisher Scientic, MA, U.S.A.) diluted in 1× TE (composed of
10 mM Tris–HCl containing 1 mM EDTA-Na2) buffer for 30 min. Any remaining
dye solution was thoroughly rinsed twice with deionized water. Finally, samples
were covered with deionized water and uorescence intensities were measured
using an excitation wavelength at 488 nm.
2.7 Circular dichroism (CD) spectroscopy

For each CD measurement, 10 mM histamine aptamer or scrambled DNA solu-
tions were prepared in 1× PBS (300 mL total volume). The DNA solutions were
heat-treated for 5 min at 95 °C and cooled slowly to room temperature prior to
48 | Faraday Discuss., 2024, 250, 43–59 This journal is © The Royal Society of Chemistry 2024
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incubation with targets. To interrogate interactions with different molecules,
equimolar amounts of the target were incubated with the aptamer prior to
measurements. The CD spectroscopic analyses were carried out with a Chirascan
Plus (Applied Biophysics Ltd, Leatherhead, UK) at room temperature within
30 min, following target incubation. Quartz cuvettes with a path length of 1.0 mm
(Hellma 110-QS) were used. Two scans were acquired per sample with 1 nm
resolution, 2.0 nm bandwidth, and a 40 nm min−1 scan rate. Scans were calcu-
lated as averages of two instrumental scans and of two replicates per condition.

2.8 Electrical characterization

The EG-CNTFET devices were characterized using a probe station connected to
a Keysight B1500A semiconductor device parameter analyzer. The devices were
placed on the vacuum chuck of the probe station and were taped down to ensure
a xed position. Resistance, transfer, and output characteristics were recorded. To
ensure full coverage of the three metallic electrodes (i.e., source, drain, and gate)
by 1× PBS, a customized polyethylene chamber was used. The resistance of the
devices was measured by sweeping the drain-source voltage, VDS from −0.5 V to
0.5 V and measuring the drain-source current, IDS. The transfer characteristics
were recorded sweeping the gate-source voltage, VGS from 0.2 V to −0.8 V, while
maintaining the VDS constant at −0.1 V, as previously employed.31,42 The output
characteristics were recorded by varying the VDS from 0 V to −0.6 V for different
values of VGS (from 0.2 V to −0.8 V, with −0.2 V steps).6 For the real-time
measurements, the IDS was continuously recorded while VDS and VGS were held
constant at −0.1 V and −0.8 V, respectively.

Prior to functionalization, electrical characterization of EG-CNTFETs was per-
formed to minimize device-to-device variability. Only devices having source-drain
resistance <10 kU were used in this work (Fig. S2a†).37 Transfer characteristics in
1× PBS showed typical p-type behavior, with a ION/IOFF ratio of 630± 245 A/A in line
with surfactant-based semiconducting CNT devices10,32,42 and a threshold voltage of
−0.46 ± 0.05 V, for N = 5 measurements (Fig. S2b†). The output characteristics
showed the formation of stable ohmic contacts between the gold IDEs and the
CNTs (Fig. S2c†).3 The selected EG-CNTFETs were then functionalized and tested
for histamine detection. Prior to histamine sensing measurements, transfer char-
acteristics were taken aer each step of functionalization of EG-CNTFETs (Fig. S3†).

When drop-casting the PDL, we ensured full encapsulation of the CNT channel
as well as the interdigitated source and drain electrodes (Fig. 1). The EG-CNTFET
response was tested both in terms of transfer characteristics (i.e., sweeping the
VGS from 0.2 V to −0.8 V) and as a continuous measurement (i.e., constant VGS at
−0.8 V). Transfer characteristics (Fig. S4†) or continuous measurements (Fig. S5†)
in 1× PBS were recorded for 70 min prior to exposure to the target analyte
histamine, to ensure device stability. Further, to ensure solution injection does
not affect the device response, 1× PBS was always injected three times prior to
histamine injection. The devices required ∼30 min to produce a stable signal
prior to exposure to histamine.

2.9 Statistics

Statistics were computed using the program GraphPad Prism (GraphPad Soware
Inc., San Diego, U.S.A.). All data are reported as mean ± standard error, of the
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 250, 43–59 | 49
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means with P < 0.05 considered statistically signicant. Data was analyzed via
one-way analysis of variance with post hoc Tukey’s multiple comparisons or
unpaired Student’s t-tests.

3 Results and discussion

For non-covalent functionalization of CNT-based biosensors, pyrene chemistry
using PBASE as a linker molecule is the most widely reported strategy (Fig. S6a†).6

Thus, we originally attempted this functionalization method on the CNTs. The in
situ assembly of PBASE was monitored using OWLS (Fig. S6b†) and the surface
chemical composition was analyzed via XPS upon PBASE incubation and subse-
quent aptamer assembly (Fig. S6c and d†). In both techniques, negligible
biomolecular assembly on the CNTs was observed. The pyrene strategy was
previously employed only on highly pristine CNTs directly grown onto the
substrate via CVD.23–26 Herein, we used solution-processed CNTs in CMC surfac-
tant that were spray-deposited on the sensing area, as an alternative low-cost
deposition technique compatible with exible substrates. The inability to
assemble PBASE molecules via p–p stacking on the solution-processed CNTs is
likely due to impurities on the surface of surfactant-coated CNTs. To this end, we
employed an alternative non-covalent electrostatic functionalization method to
modify the spray-deposited CNT network with histamine aptamers.

The layer-by-layer assembly of the PDL and aptamers on the CNTs was rst
conrmed by monitoring various elemental peaks in XPS. Fig. 2a shows wide XPS
spectra for the three sets of samples: spray-deposited CNTs (blue), PDL-coated
CNTs (red), and aptamer-functionalized PDL-CNTs (green). We monitored the
carbon C 1s peak at 285.0 eV, the nitrogen N 1s peak at 399.5 eV (Fig. 2b), and the
phosphorus P 2p peak at 132.2 eV (Fig. 2c) to track the PDL and aptamer assembly
on the CNTs. The energy scales of all the spectra were referred to the adventitious
carbon (285.0 eV).

In all three samples, we observed multiple components in the C 1s peaks.
Different contributions to the C 1s peak are assigned as follows: 283.25–283.61 eV
to C–C bonding, 283.91–284.84 eV to C]C, and 285.8–287.6 eV to C–O/C]O
bonding, which appear in all three samples. The new peaks at ∼286 eV assigned
to C–N bonding, appear aer the addition of each polymer layer due to the C–N
bonds present in both PDL and DNA (Fig. S7a–c†).25,43–47

As seen in Fig. 2b, the N 1s peak is absent for bare CNTs as expected. An
increase in the N 1s peak is observed for PDL-coated CNTs due to the presence of
amine groups. A further increase in the peak is observed upon modifying the
surface with aptamers due to the combination of amine groups from the PDL
layer and the nitrogenous bases in the aptamer sequence. Similarly, an increase
for the P 2p peak intensity is observed when comparing the bare vs. coated CNTs
(Fig. 2c). The increase in intensity of the P 2p peak for the PDL-coated CNTs is
likely due to the residues of PBS in which the PDL was prepared and dried. The
further increase in the P 2p intensity upon addition of the aptamer is due to the
DNA phosphate backbone. The increase in the N 1s and P 2P peak heights upon
aptamer incubation, conrm the surface functionalization of CNTs with hista-
mine aptamers.

To corroborate the XPS results and to quantify the assembled mass for each
polymer layer in situ, OWLS measurements were conducted. For OWLS, glass
50 | Faraday Discuss., 2024, 250, 43–59 This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Wide X-ray spectroscopy (XPS) spectra for bare carbon nanotubes (CNTs) (blue),
poly-D-lysine (PDL)-coated CNTs (red), and aptamer-modified CNTs (green). Zoom-in of
the (b) N 1s peak intensities (yellow highlight) and (c) P 2p peak intensities (blue highlight)
that demonstrate the effective layer-by-layer assembly of PDL and aptamers on the CNTs.
(d) Representative atomic force microscopy (AFM) image of the bare waveguide and (e)
waveguide coated with spray-deposited CNTs. Increased roughness and height indicate
coating of substrates with CNTs. (f) Optical microscopy image of the spray-deposited
CNTs-carboxymethyl cellulose surfactant ink on the waveguide. The deposited droplets
are close to one another and homogeneously cover the waveguide surface indicative of
a high quality surface coating.
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waveguides are used as substrates to in-couple the laser that enables monitoring
of the assembledmass on the surface. Thus, we rst ensured reproducible coating
of waveguides with CNTs using atomic force microscopy (AFM). The surface of
bare (Fig. 2d) vs. CNT-coated (Fig. 2e) waveguides were visualized. The roughness
of the bare waveguide extracted from the AFM measurement was Rq = 0.29 ±

0.11 nm (N = 5 measurements). Aer coating with semiconducting CNTs, the
roughness increased to Rq = 1.28 ± 0.14 nm (N = 5 measurements), indicating
a higher surface area. Furthermore, to inspect the coating quality, the spray-
deposited CNT coating was visualized by optical microscopy.37 The deposited
droplets are close to one another and relatively smooth, indicative of a high
quality surface coating (Fig. 2f).48

Both bare and CNT-coated waveguides were tested in the OWLS system (Fig. 3a)
to investigate the surface area enhancement (and subsequent increase in binding
sites for PDL and aptamers) due to the CNT network. Upon achieving a stable
baseline in 1× PBS, 100 mg mL−1 PDL solution was injected. A rapid increase in the
mass density was observed, to ∼360 ng cm−2 for the CNT-coated waveguide. The
schematic of the sequential surface modication on the waveguide and the corre-
sponding binding curve are presented in Fig. 3b. The increase in themass density for
the CNT-coated waveguide is about 5-fold higher compared to the bare waveguide
(∼75 ng cm−2, Fig. S8†). This increase in mass density is comparable to the 4-fold
increase in surface roughness for the CNT network vs. bare waveguide observed by
AFM. Upon ensuring stable PDL layer formation and removing excess PDL by
rigorous PBS rinsing, 5 mMhistamine aptamers were injected. Aptamer exposure led
to an increase in the mass density of ∼300 ng cm−2 for the CNT-PDL-coated wave-
guide. Alternatively, on the bare waveguide coated with PDL, only ∼70 ng cm−2 of
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 250, 43–59 | 51
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Fig. 3 (a) Schematic drawing of the optical waveguide lightmode spectroscopy (OWLS)
system, with inserted waveguide. Solutions of biomolecules such as poly-D-lysine (PDL) or
aptamers are injected through the inlet into a flow cell to immerse the waveguide. (b)
Schematic of the step-by-step modification of waveguides inserted in the OWLS system.
The binding curve shows changes in the mass density during the adsorption process of
PDL and aptamers on a carbon nanotube (CNT)-coated waveguide. Arrows indicate the
time of solution injection. Downward arrows indicate phosphate buffered saline (PBS)
injection either to confirm sensor stability or to ensure robust layer formation. (c) Sche-
matic drawing of the of SYBR gold (Au) interaction at the surface of waveguides with
histamine aptamers immobilized on a PDL waveguide vs. bare PDL waveguide. (d)
Representative fluorescence images obtained by confocal laser scanningmicroscopy with
a scale bar of 100 mm. Relative fluorescence intensities demonstrate maximal SYBR Au
fluorescence in the presence of aptamer-PDL-coated CNT networks. Error bars show
standard errors of the mean for N = 3 measurements. Group means were significantly
different [F(2,12)= 408.6; P < 0.0001; ***P < 0.001 vs. PDL + SYBR Au or PDL + aptamers +
SYBR Au; †††P < 0.001 vs. PDL + SYBR Au or CNTs + PDL + aptamers + SYBR Au].
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aptamers were assembled, which corresponds to the amount of PDL that was
assembled on the bare substrates (Fig. S8†). Multiple PBS rinsing cycles showed
negligible changes in mass density, demonstrating the robust integration of
aptamers into the PDL layer.

Fluorescence measurements were conducted to visualize the presence of DNA
aptamers on the waveguide surface. To stain the aptamers, SYBR Au, a uorescent
dye for the detection of nucleic acids, was used. This dye exhibits >1000-fold
uorescence enhancement upon binding to single-stranded DNA (Fig. 3c).49 Three
samples were incubated with the SYBR Au dye: PDL-coated waveguides (control
sample without aptamers), PDL-aptamer-coated waveguides, and CNT-PDL-
aptamer-modied waveguides. Schematics of the SYBR Au interactions with the
52 | Faraday Discuss., 2024, 250, 43–59 This journal is © The Royal Society of Chemistry 2024
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various samples and relative uorescence intensities are shown in Fig. 3d. The
control sample with no aptamer incubation showed negligible uorescence,
indicating minimal interaction of SYBR Au with PDL. The aptamers adsorbed to
the PDL-coated bare substrate showed around 740-fold uorescence enhance-
ment, which was increased to ∼1200-fold uorescence enhancement for
substrates with CNT networks as the initial layer. The uorescence enhancement
of the CNT-PDL-aptamer-coated waveguide is ∼40% higher than only PDL-coated
chips, which supports the increase in surface area upon deposition of CNTs
observed in the OWLS. Photobleaching that induces permanent uorescence loss
of dyes was performed in a localized area to ensure that the observed uorescence
is occurring due to the presence of aptamers and not due to sample auto-
uorescence (Fig. S9a and b†).

Taken together, surface characterization via XPS, OWLS, and uorescence
microscopy conrmed histamine aptamer integration into CNT-PDL-coated
surfaces. Further, we validated the potential to assemble ∼5-fold higher densi-
ties of aptamers by increasing the available surface area using CNT networks. This
functionalization strategy was then used to integrate histamine aptamers (Fig. 4a)
into EG-CNTFET devices for biosensing.

For CNT-based EG-FETs, the stability of the device over time still remains
a challenge.50 Therefore, device stability must rst be examined to have reliable
biosensing data. Joshi et al. have improved EG-CNTFET performance by encap-
sulating the CNT channel with a polymeric membrane.32 Similarly, Mola-
zemhosseini et al. tackled the stability of EG-CNTFET devices using polymer-
wrapped CNTs for the channel material, showing devices with a highly stable
response aer an hour of stabilization.31 Thus, we hypothesized that insulation of
the CNTs by the PDL coating would increase the stability of the devices; the PDL-
coated CNT channel is not in direct contact with the electrolyte. On the one hand,
covering the CNT channel with a polymeric material leads to a reduction of the
conduction properties of the EG-CNTFET devices. On the other hand, the
encapsulation provided by the thin PDL layer signicantly reduces the modula-
tion of the CNT conduction caused by the ionic species in the electrolyte, leading
to overall improved stability of the devices.32 Our objective was to probe this trade-
off of channel conductivity vs. stability and to interrogate whether target-specic
aptamer structure switching can be transduced at channel surfaces.

Upon reaching a stable baseline, the devices (Fig. 4b) were tested for histamine
detection, using a characterization protocol we reported for EG-CNTFET-based
sensors in previous work.51,52 Exposure of the aptamer-modied EG-CNTFET
sensors to histamine in undiluted 1× PBS, led to concentration-dependent
changes in the IDS (Fig. 4c). The changes in the IDS suggested that the structural
rearrangements of the aptamers upon histamine recognition were occurring in
close proximity to the CNT channel.1,8 The negatively charged backbone of the
histamine aptamers may move closer to the sensor surface within or near the lD,
increasing the negative charge density in the p-type CNT channel. This rear-
rangement of charge density induces an increase in the concentration of the
charge carriers (holes), and hence an increase (in absolute value) in the drain
current of the p-type transistor. This direction of change indicated that we are not
merely detecting the charge of the small-molecule analyte, as histamine is posi-
tively charged at physiological pH and would lead to charge carrier depletion in
the p-type CNT channel.
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 250, 43–59 | 53
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Fig. 4 (a) Histamine-specific DNA aptamer (right) that recognizes the histamine molecule
(left). (b) A photograph of the aptamer electrolyte-gated carbon nanotube field-effect
transistor (EG-CNTFET) biosensor operated with a liquid planar gate. (c) Exposure of
histamine aptamer–EG-CNTFETs to histamine in undiluted 1× PBS led to concentration-
dependent decreases in the drain-source current (IDS). (d) Calibrated responses of the
aptamer–EG-CNTFET biosensors upon exposure to histamine in the concentration range
100 pM to 1 mM. Scrambled control sequences showed statistically lower responses (P <
0.01) upon exposure to histamine at concentrations higher than 10 nM. Error bars
represent the standard error of the mean with N = 5 EG-CNTFETs per concentration for
the histamine aptamer and N = 3 for the scrambled control. Error bars are too small to be
seen for the scrambled control. (e) Histamine aptamer-modified EG-CNTFETs responded
minimally to histidine (bar too small to be seen) vs. histamine (N= 5 independent chips per
molecule). A two-tailed unpaired t-test indicated group means were significantly different
[t(8) = 5.556; P < 0.0001]. (f) Circular dichroism spectroscopy of the histamine aptamer
(dotted line) upon target capture showed spectral shifts (solid pink line) while exposure to
histidine did not result in spectral changes (solid lavender blue line).
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Nevertheless, to ensure that changes in the IDS arose from the structure-
switching aptamers, a control experiment was conducted in parallel. A scram-
bled sequence was designed, where the same number and type of nucleotides as
the specic aptamer were conserved, but the order changed to alter molecular
recognition to histamine (Table S1†). While the histamine aptamer-modied
CNTFETs detected histamine at concentrations between 10 nM–100 mM, the
scrambled control CNTFETs showed a statistically smaller response (P < 0.01)
within this sensing regime (Fig. 4d). The non-negligible response of the control
sensor that increases with higher histamine amounts is likely due to nonspecic
electrostatic interaction of the positively charged histamine molecules with the
negatively charged DNA. These results indicate the importance of conducting
differential measurements to quantify the extent of specic binding using this
surface chemistry.33

Upon conrming sequence specicity of the aptamer-modied CNTFETs, the
selectivity vs. histidine, the closest structural analog and precursor to histamine,
was tested. Negligible responses to histidine (1 mM) was observed at the surface of
histamine-specic sensors (Fig. 4e). To demonstrate that this high selectivity is
a result of the target-specic structure switching behavior of the histamine
aptamers, we conducted circular dichroism (CD) spectroscopy (Fig. 4f). The
54 | Faraday Discuss., 2024, 250, 43–59 This journal is © The Royal Society of Chemistry 2024
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intensities and positions of the CD spectral bands indicate the extent of base
stacking and dipole coupling in the DNA sequence.53 Thus, this solution-based
method enables monitoring of secondary structural rearrangements of aptam-
ers upon target recognition.13 A blue shi was observed upon histamine incu-
bation, which was not observed for histidine. Further, negligible change was
observed upon histamine incubation with the control scrambled sequence
(Fig. S10†). Thus, the structure-switching behavior of the histamine aptamer is
target specic and likely the driving mechanism that enables small-molecule
detection at the surface of EG-CNTFETs despite the screening effects of high
ionic strength environments.
4 Conclusions

In this work, we harnessed the adhesive properties of PDL, which can coat the
surface of CNTs, to gra DNA aptamers in close proximity to the CNT semi-
conducting channel. The surface chemistry was monitored and corroborated
by several analytical techniques. The OWLS and uorescence measurements
not only conrmed the surface chemistry but also showed an enhancement of
the surface area due to the deposition of the CNT networks, which resulted in
the potential to assemble ∼5-fold higher aptamer densities. The aptamer-
modied EG-CNTFETs enabled histamine detection in undiluted 1× PBS in
the concentration range of 10 nM to 100 mM. Upon histamine recognition, the
specic aptamers underwent substantial conformational rearrangements of
negatively charged phosphate backbones (conrmed by CD spectroscopy),
which enabled signal transduction in lD-limited, high salt conditions.

While this work serves as a mechanistic demonstration of how structure-
switching aptamers can transduce target-specic signals when integrated on
CNT surfaces through polymer chemistries, there are several remaining
challenges. A critical issue using the CNT solution preparation method re-
ported herein, is the resulting mixture of semiconducting and metallic CNTs,
which leads to high device-to-device variability. A potential solution to over-
come this problem is the use of conjugated polymers for CNT wrapping.54,55

Conjugated polymers offer several benets such as selective separation of
semiconducting vs. metallic CNTs, sorting of nanotubes with specic chiral-
ities and diameters, and even the separation of CNT enantiomers. The use of
puried CNTs may improve the sensitivity of the aptamer-integrated EG-
CNTFETs in the future.56

A further challenge we anticipate is the use of this surface functionalization
strategy in complex biological environments, where charged polymer surfaces
are prone to nonspecic adhesion of interferents. This issue may be tackled via
polymer chemistries that hinder nonspecic interactions. For example, poly-D-
lysine-poly(ethylene glycol) (PDL-PEG) lms carry outer PEG layers that repel
nonspecic proteins through steric repulsion.30,57 The advantage of this
chemistry, is the semi-permeable PDL-PEG coating that permits the passage of
DNA near the semiconducting CNT surface to transduce structure-switching
dynamics as target binding signals while avoiding biofouling through aver-
sion of nonspecic adsorption. Regardless, we emphasize the importance of
conducting differential measurements with control sensors (i.e., with
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 250, 43–59 | 55
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scrambled DNA) when moving to complex environments to ensure quanti-
cation of specic interactions.

Our focus herein, was to demonstrate the potential of using polymer surface
chemistry for coating spray-deposited CNTs on exible substrates with aptamers.
In addition, we harnessed the structure-switching dynamics of aptamers inte-
grated into the polymer coating to transduce target-specic signals in physio-
logical ionic strength conditions. Novel routes of aptamer integration via tunable
polymer chemistries combined with an improved understanding of structure-
switching aptamer dynamics at transistor surfaces, will open new doors for ex-
ible EG-CNTFET biosensors.
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