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In this study, we compare the electrical and optical signal transduction of nanoscale biosensors based on single-
walled carbon nanotubes (SWCNTSs). Solution processable single-stranded (ss) DNA-wrapped SWCNTs were used
for the fabrication of the distinct sensors. For electrical measurements, SWCNTs were assembled from solution
onto pre-patterned electrodes by electric-field-assisted assembly in field-effect transistor (FET) configuration. A
combination of micro- and nano-fabrication and microfluidics enabled the integration into a sensing platform
that allowed real-time and reversible detection. For optical measurements, the near-infrared (NIR) fluorescence
of the SWCNTs was acquired directly from solution. The detection of important biomolecules was investigated in
high-ionic strength solution (0.5xPBS). Increase in fluorescence intensities correlated with a decrease in the
SWCNTs electrical current and enabled detection of the important biomolecules dopamine, epinephrine, and
ascorbic acid. For riboflavin, however, a decrease in the fluorescence intensity could not be associated with
changes in the SWCNTs electrical current, which indicates a different sensing mechanism. The combination of
SWCNT-based electrical and optical transduction holds great potential for selective detection of biomarkers in

next generation portable diagnostic assays.

1. Introduction

The development of miniaturized wearable and implantable systems
involves increasingly research that is targeted on integrated biosensors
based on functional nanomaterials for improved selectivity, sensitivity,
power-consumption and cost-efficient manufacturability using sustain-
able materials and methods. Single-walled carbon nanotubes (SWCNTs)
are 1D hollow tubes in which the mass is concentrated on the sidewall of
atomically thick graphene-like structures. With a diameter of ~1 nm,
their dimensions are close to biological species, ensuring size compati-
bility between the transducer (here semiconducting SWCNT) and the
biological target. Moreover, they are solution processable and thus can
be integrated on various substrates (Saha et al., 2014). In recent years,
SWCNTSs have been intensively explored as nano-bioprobes due to their
exceptional electrical and optical properties (Ackermann et al., 2022;
Shkodra et al., 2021; Sireesha et al., 2018).

SWCNTs have relatively large carrier mobilities and large surface-to-
volume ratios, making them very sensitive to small changes in the
electrostatic surface potential induced by the recognition of a target
molecule (Heller et al., 2008). To sensitively measure these changes,
SWCNT field-effect-transistors (FET) are used, which are based on
controlling the flow of charges (electrons or holes) in the SWCNTs
channel connecting two conductive electrode terminals (source and
drain) with a third electrode (gate). This configuration is particularly
suitable for multiplexed in-vitro analysis because it allows the assembly
of multiple sensors enabling easier on-chip integration and has high
sensitivity (Xu et al., 2018). However, it is more invasive for in-vivo
analysis as the whole device need to be inserted into the body. Besides,
semiconducting SWCNTs fluoresce in the near-infrared (NIR, 870-2400
nm), depending on their carbon lattice structure described by the chiral
index (n,m) (Bachilo et al., 2002; O’Connell et al., 2002). When excited
with light, an electron-hole pair (exciton) is created that diffuses along
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the SWCNT axis until it recombines radiatively. Since every carbon atom
is exposed to the surrounding environment, excitons traveling across the
SWCNT surface are affected by local changes in dielectric, polarity, and
other perturbation (Ackermann et al., 2022; Nifler et al., 2021; Polo and
Kruss, 2016). However, to separate excitation from emission signals,
optical devices need to be equipped with appropriate optical filters and a
NIR sensitive readout, which can be expensive and challenging as device
miniaturization increases. Without an internal reference, they can also
be susceptible to ambient light fluctuations. Furthermore, they are
adventurous for non-contact readouts. Their NIR radiation falls within
the biological transparency window, where increased penetration
depths into biological tissues are possible. Therefore, optical
SWCNT-based sensors are most suitable for in-vivo analysis, but also
self-contained processes such as reactor production monitoring. In
addition, a high resolution is possible as the fluorescence of a single
SWCNT can be measured.

The selective detection of a targeted analyte relies on specific bind-
ing to a recognition element that is closely immobilized on the sidewall
of the nanotube. In recent years, several surface functionalization stra-
tegies were studied, notably by covalent (Clément et al., 2019; Mann
et al., 2020; Setaro et al., 2017) and non-covalent approaches. Large
biopolymers such as single-stranded (ss)DNA enable stable conjugates
due to strong 7m-m stacking between the nucleobase and the SWCNT
allowing dispersion of individual SWCNTs in aqueous solutions (Zheng
et al., 2003). Extensive ssDNA-SWCNT analyte screenings have
demonstrated that certain ssSDNA-SWCNTs can be quite specific without
the need to use expensive detection units like antibodies (Zhang et al.,
2013). Thus, ssDNA-SWCNT-based sensors have already been identified
for a variety of analytes. For example, several ssDNA functionalizations
exist for optical SWCNT detection of neurotransmitters (Beyene et al.,
2019; Elizarova et al., 2022; Kruss et al. 2014, 2017b), but no com-
parison has yet been made to determine whether an identified func-
tionalization can be transferred between optical and electrical SWCNT
readout.

We exemplarily chose a SWCNT-based sensor already well studied
for optical neurotransmitter detection to investigate the electrical and
optical response when exposed to dopamine, ascorbic acid, riboflavin,
and epinephrine in physiological buffer (PBS) and compared the sensing
mechanisms.

2. Material and methods
2.1. DNA-wrapping of the SWCNTs

Surface modification of (6,5) chirality-enriched CoMoCAT-SWCNTs
(Sigma-Aldrich, product no. 773735) with (GT)1o ssDNA was performed
by following a recently published protocol (NiBller et al., 2019). 100 pl of
SWCNTs (2 mg/ml in 1x PBS) were mixed with 100 pl of ssDNA (2
mg/ml in 1x PBS), tip-sonicated in an ice bath (10 min at 30% ampli-
tude/36 W output power, Fisherbrand Model 120 Sonic Disembrator),
and then centrifuged (2 x 30 min, 16100 g, 4 °C) to remove aggregates
and remaining metal catalysts from SWCNT synthesis. The supernatant
yielded the sensor material for further experiments. Control experiment
of the SWCNTs wrapped with DNA and dispersed with a surfactant is
shown in Fig. SI 1.

2.2. Fabrication of the sensing platform for electrical measurements

The sensing platform is composed of a silicon chip, a PDMS micro-
fluidic cell, a 3D printed cover and an anodized aluminium holder. The
silicon chip was fabricated at the Center of Micro and Nanotechnology
(CMi) at EPFL. A scheme of the sensing platform with all the individual
parts is shown in Fig. SI 2 and fabrication details in the supporting in-
formation (Fig. SI 3-4).
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2.3. Immobilization of DNA-SWCNTs

(6,5)-enriched (GT)19-SWCNTs were diluted 800x (concentration
circa 0.15 nM) and dialyzed in water with 20 K MWCO MINI Dialysis
polypropylene cups (Thermofisher) overnight. They were assembled
from solution onto pre-patterned electrodes by electric-field-assisted
assembly (also called dielectrophoresis) A drop (5 pL) was casted on
the silicon chip and an alternative voltage of 2 V at 400 kHz during 30 s
was applied. These conditions were optimized to immobilize few tens of
SWCNTs. The sample was washed with DI water and blown with dry air
(Fig. SI 6). For the control experiment, bare SWCNTs dispersed in water
with 1% of SDS were immobilized onto pre-patterned electrodes
following the same procedure.

2.4. Electrical measurements setup

A low noise transimpedance amplifier was designed in-house to
measure the current signal of the SWCNTs-FET. The amplifier consists of
two stages, a current-to-voltage converter and a non-inverting voltage
gain. Detailed schematic of the transimpedance amplifier similar to that
reported in (Chavarria et al., 2017), is shown in Fig. SI 4 of the SI.

2.5. Optical measurements setup

The NIR fluorescence setup consisted of a CMOS camera (Orca Flash
4.0 Hamamatsu) connected to an inverted microscope (Nikon Eclipse
Ti2) equipped with a 10x objective. A white LED was used in combi-
nation with a 560 + 40 nm bandpass filter for excitation of SWCNTs via
the Eg, transitions. Excitation light was eliminated from emission via an
840 nm long-pass filter.

For NIR fluorescence response measurements of the analytes, (GT)1¢-
SWCNTs were diluted in 0.5x PBS to a concentration of 0.7 nM which is
the concentration calculated based on previous literature (Nikler et al.,
2019; Sanchez et al., 2016; Schoppler et al., 2011; Streit et al., 2014). 2
pl of the corresponding and freshly prepared analyte solutions (1 mM) in
0.5x PBS were added to 200 pl of the diluted SWCNT solution in a
96-well plate, resulting in an analyte concentration of 10 pM. During this
time course, images were captured with an integration time of 1 s.
Relative fluorescence intensity changes in comparison to no analyte
addition were analyzed based on an area of 500 pixels in the center of
the sensor solution image and averaged from triplicates.

For characterization SWCNT dispersion, absorption spectra were
recorded using a JASCO V-780-ST spectrophotometer in the wavelength
range of 400-1350 nm in 2 nm steps in disposable plastic cuvettes
(Brand, 10 mm optical path). Zeta potential measurements were carried
out using a Zetasizer Nano ZS (Malvern Instruments, UK) in 0.5x PBS at
SWCNT concentrations of 0.7 nM with and without addition the corre-
sponding analytes (ascorbic acid, epinephrine, dopamine, riboflavin) at
a concentration of 10 pM (Fig. SI 5).

3. Results

The fabrication of the electrical biosensors combines top-down
(photolithography) and bottom-up (assembly) strategies as described
in the material and method section. Our approach is based on a single-
step and environmentally friendly assembly of DNA-SWCNTs onto sili-
con substrate with patterned electrodes fabricated by photolithography
(see SI). (6,5)-enriched semiconducting SWCNTs were functionalized by
physisorption with (GT);¢ ssDNA (Fig. 1a) for two purposes. First, it
allows the dispersion of individual SWCNTs in solution via n-x stacking
interaction with the side wall (Fig. 1b) and secondly, it is known to
interact with some neurotransmitters where the hydroxy groups interact
with the phosphate groups of the DNA (Kruss et al., 2017a; Polo and
Kruss, 2016). AFM imaging shows that a typical small bundle of
(GT)10-SWCNTs was immobilized by dielectrophoresis between two
electrodes (source and drain) with a gap of around 600 nm in FET
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configuration (see Fig. SI 6). The cross-section profile indicates that the
thickness ranges from 1.5 to 6 nm which corresponds to 1 to 4 SWCNT
diameters. The device was incorporated into an in-house designed
sensing platform coupled with a microfluidic system and a tran-
simpedance amplifier PCB with a Labview interface for current mea-
surements down to the nA range (Fig. 1c, see also SI). The real-time and
reversible detection of dopamine, epinephrine, ascorbic acid and ribo-
flavin was investigated in 0.5x PBS solution. The same batch of
(GT)10-SWCNTs was also placed in a 96-well plate and excited at a
wavelength of 560 nm. The fluorescence intensity variation was recor-
ded by a CMOS camera (Fig. 1d).

(GT)10-SWCNTs electrical response variations were recorded upon
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Fig. 1. Electrical and optical trans-
duction principle of DNA-wrapped
SWCNT sensors. a) SWCNTs are wrap-
ped with single-stranded (GT);o DNA to
render them sensitive as a sensor for
biomolecules such as neurotransmitters.
b) Absorbance of (GT);o-SWCNTs indi-
vidually dispersed in PBS, c) Electrical
sensing platform with an integrated
Vg microfluidic  system. SWCNTs are
immobilized via dielectrophoresis be-
tween two electrodes (source and
drain). Upon a sensing event a change in
—PBS current results between drain and
—PBS + analyte source (I4s). d) Optical setup equipped
T with necessary filters to detect the NIR

Electrical transduction

—PBS
—PBS + analyte

v

Optical transduction

fluorescence of (GT)1o-SWCNTs in solu-
tion. A sensing event results in a change
in fluorescence intensity.

Fluorescence

addition of 10 puM of the different analytes (Fig. 2 a,c); Drain-source
voltage (Vgs) and gate-to-source voltage (Vg) were kept constant at 50
mV and —500 mV, respectively. The drain-source current (I4s) decreased
significantly in the presence of dopamine, ascorbic acid and epinephrine
to reach a plateau after circa 100 s, and recovered when 0.5x PBS was
subsequently added (see also Fig. SI 7). No significant variation was
observed with riboflavin, a neuroprotective agent. A control experiment
with bare SWCNTs in real-time detection showed no electrical signal
variation when injecting 1 mM of each analyte (Fig. SI 8).

In addition, optical measurements were performed with the same
sensors. For this purpose, the sensor change was measured analogously
to the electrical measurements in 0.5x PBS with the addition of 10 pM
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Fig. 2. Real-time detection of analytes in electrical and optical configuration. 10 uM of a-b) dopamine and c-d) riboflavin. “PBS” region corresponds to the injection
of 0.5xPBS and “Analyte 4 PBS” region to the injection of 0.5xPBS + analyte (separated by a green line). V4, = 50 mV and V; = —500 mV.
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analyte. In contrast to electrical measurements, analytes were manually
pipetted into the sensor solution. This initially resulted in intensity
fluctuations due to the presence of the pipette and the non-uniformity of
analyte distribution in the well, but stabilized, when diffusion of the
analyte throughout the entire microwell is complete. After addition of
dopamine, epinephrine or ascorbic acid (Fig. 2b, SI7), an increase in
fluorescence intensity was observed that reached a stable plateau after
250 s. In the case of riboflavin injection, the optical response showed a
decrease in fluorescence intensity (Fig. 2d). The reversible detection is
not shown in this work and was demonstrated in previous studies (Kruss
et al. 2014, 2017b). A control experiment of the SWCNTs optical signal
stability in 0.5x PBS buffer was recorded and showed less than 2% of
drift for a typical detection time frame (Figure SI9).

A comparison of the normalized optical and electrical responses is
established in Fig. 3a. Notably, an increase in fluorescence intensity was
correlated to a decrease in the SWCNTs electrical current for the
detection of dopamine, epinephrine and ascorbic acid. Interestingly, this
phenomenon has a linear dependence as shown in Fig. 3b. A different
behavior is observed for riboflavin where a decrease in the fluorescence
intensity is not associated with a change in the electrical current.

4. Discussion

In the literature, both optical and electrical SWCNT sensors can be
found for a broad range of analytes. However, the electrical and optical
transduction mechanisms have never been compared in identical con-
ditions (i.e., same analytes and concentrations). This comparison could
however contribute to a better understanding of the detailed trans-
duction mechanism in SWCNT-based sensors and, in case that both
sensing pathways are identical could allow the user for choosing which
variation (electrical or optical) is better suited for the application.

From a physical point of view, SWCNT-based FETs are based on the
measurement of the current flow between the source and drain elec-
trodes. Their transport characteristic is known to be affected by the
surrounding environment, e.g., by a change in the band bending of the
CNTs themselves or by the metal contacts, resulting in a change of the
current (Heller et al., 2008). In contrast, the signal change of optical
SWCNT-based sensors is based on a change in fluorescence due to the
decay of excitons, which are also strongly affected by their surrounding
environment (Cognet et al., 2007). Therefore, both transduction mech-
anisms render the SWCNT as a sensitive material for biosensing appli-
cations. In the case of dopamine, epinephrine, and ascorbic acid, the
correlation of electrical and optical responses suggests that the sensing
mechanism is the same, whereas riboflavin may play a special role in
optical measurements due to its absorption and emission in the visible
range and will be discussed separately below.

Sensing mechanisms with electrostatic gating for FET-SWCNTs based
biosensors have been discussed by Heller et al., (2008) where they
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summarized three common mechanisms upon adsorption of proteins:
electrostatic gating, Schottky barrier and gate capacitance reduction due
to the low permittivity of the solution. In our experiment we used 0.5x
PBS buffer therefore we do not have a variation in the ionic strength of
the solution avoiding gate capacitance reduction. The sensing mecha-
nism of our biosensor is most likely influenced by the electrostatic gating
and Schottky barrier mechanism. The latter arises from changes in the
metal work function due to adsorbed molecules and consequently a
change in band alignment. However, the optical measurements are
performed with SWCNTs without metal contacts and, consequently,
cannot be affected by Schottky barrier changes in their optical proper-
ties. Electrostatic gating implies an opposite charge change/doping of
the SWCNTs induced by the attachment of charged molecules and cor-
relates also with assumptions of a change in charge distribution in op-
tical measurements (Kruss et al., 2017a). Therein, it has been shown that
a complex interplay between electrostatic interactions of the molecule
with the organic phase around the SWCNT is likely to determine the
observed sensitivity and selectivity of the respective sensors(Harvey
et al., 2018; Mann et al., 2017).

At the physiological conditions under which our measurements were
made, dopamine and epinephrine are predominantly cationic, thus
positively charged due to protonated amino groups, while ascorbic acid
is anionic due to deprotonated hydroxyl groups at the ring system
(Berfield et al., 1999; Shao and Venton, 2022). Therefore, possible
mechanisms for electrostatic gating exist: SWCNTs showed a p-type
behavior and are wrapped with DNA that possesses a negatively charged
phosphate backbone. When a negative voltage is applied between the
gate electrode and the source electrode, positive charges are generated
at the interface of the gate electrode while negative charges (anions from
the solution) accumulate at the interface between the SWCNT and the
electrolyte. In solution, this region is characterized as the electrical
double layer (EDL) where an exponential decay of ions from the nano-
tube to the solution is observed at a distance Ap referred to as the Debye
length (around 1 nm in our study). Therefore, a decrease in Iy current is
associated with a decrease of positive charges through the nanotube and
is induced by a decrease of the negative charge density close to the
nanotube. To further support this assumption, zeta potential measure-
ments of (GT)19-SWCNTs before and after addition of the respective
analytes were performed (Fig. SI 3), showing that a change in the overall
charge distribution affect signal changes.

Since 80% of the nanotube surface is covered with DNA (Polo and
Kruss, 2016), one can assume that this electrical change is mainly due to
the delocalization of the DNA further away from the SWCNT side wall
due to DNA conformation changing during the sensing event. Addi-
tionally, positively charged dopamine and epinephrine might screen the
negatively charged DNA phosphate backbone compared to ascorbic acid
which is negatively charged. It results in a stronger electrical signal
change for dopamine and epinephrine compared to ascorbic acid.
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Fig. 3. Comparison of electrical and optical sensor response. a) Electrical (ordinates) versus optical response (abscissae) for the detection of 10 uM of the different
analytes. Note that riboflavin does show a NIR fluorescence but not an electrical response. b) Correlation and linear regression of dopamine, epinephrine and ascorbic
acid sensor response from the zoom-in window in a). Errors are standard deviations (n = 3).
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However, this is contradictory to molecular dynamic simulations that
have shown that the DNA is pulled closer to the SWCNT surface by the
interaction of the hydroxy groups of dopamine with the DNA backbone
(Kruss et al., 2017a). One explanation could be that even though the
analyte causes a local pulling of DNA, the rest of the DNA strand also
undergoes a conformational change, leading to an overall different
displacement of DNA and charges. The general correlation between
optical and electrical measurements of dopamine, epinephrine and
ascorbic acid thus strengthens the assumption that a change in the
charge distribution of the SWCNT due to a conformational change of the
corona plays an important role in sensor response.

In contrast, the presence of riboflavin did not induce a change in the
electrical response of the carbon nanotube suggesting a different sensing
mechanism. Due to n-r stacking, riboflavin is likely to have a particular
affinity for the SWCNT surface itself, e.g. it has been used as a fluo-
rophore for measuring the accessible SWCNT area at different coronas
(Park et al., 2019). Due to the molecular structure, this direct absorption
at the surface is probably different from the interactions of the other
analytes studied, suggesting rather a direct quenching of the SWCNTs
fluorescence, at a steady state in the charge distribution at its surface.
However, as mentioned above, riboflavin could also behave differently
in optical measurements due to its light absorption (maximum at 520
nm) and fluorescence (500-580 nm) in the visible region, where
SWCNTs also absorb light.

It is known that riboflavin acts as a photosensitizer for singlet oxygen
and super oxygen generation, when excited with ultraviolet or visible
light, resulting in subsequent degradation of riboflavin(Sen et al., 2012).
This is consistent with an observed quenching of the SWCNTs fluores-
cence from such reactive oxygen species (ROS) and a restored SWCNT
fluorescence when trolox, a free radical scavenger, was added, as well as
observed quenching of riboflavin with concomitant quenching of
SWCNT fluorescence when both were excited in solution (Park et al.,
2019). Contradictory to this are the observations from Polo and Kruss,
who observed an emission enhancement of riboflavin in the presence of
ssDNA-SWCNTs, which could be explained by an energy transfer (Polo
and Kruss, 2016) from SWCNT to riboflavin. Here, the addition of known
ROS scavengers showed only little effect on fluorescence changes.
However, differences in the singlet oxygen formation could also depend
on the O; conditions during the experiments, which should be specif-
ically controlled for comparable results.

5. Conclusion

We studied the sensing mechanism of DNA-wrapped SWCNTs
nanosensors by comparing their optical and electrical transduction
modes. A solution processable method with individually dispersed
SWCNTs was used for the fabrication of the sensors. SWCNTs were
assembled from solution to surface in nanoscale device configuration
coupled to a sensing platform with a microfluidic system for real-time
electrical signal measurements and reversible detection. We have
demonstrated that an increase in fluorescence intensity was correlated
to a decrease in the SWCNTs electrical current for the detection of
dopamine, epinephrine and ascorbic acid. These findings highlight that
there are common signal transduction mechanisms. While optical sen-
sors have the potential for non-contact readout e.g. as in-vivo sensors,
electrical sensors allow easier on-chip integration. Correlation of signal
responses opens up freedom of choice in sensor design between these
two readout technologies for the development of the next generation of
portable, point of care and home diagnostic assays for the continuous
monitoring of different health parameters.
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