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Here we report on the fabrication of reconfigurable and solution processable nanoscale biosensors
with multi-sensing capability, based on single walled carbon nanotubes (SWCNTs). Distinct
DNA-wrapped (hence water-soluble) CNTs were immobilized from solution onto different pre-
patterned electrodes on the same chip, via a low-cost dielectrophoresis (DEP) methodology. The
CNTs were functionalized with specific, and different, aptamer sequences that were employed as
selective recognition elements for biomarkers indicative of stress and neuro-trauma conditions.
Multiplexed detection of three different biomarkers was successfully performed, and real-time

detection was achieved in serum down to physiologically relevant concentrations of 50 nM, 10 nM



and 500 pM for cortisol, dehydroepiandrosterone-sulfate (DHEAS), and neuropeptide Y (NPY),
respectively. Additionally, the fabricated nanoscale devices were shown to be reconfigurable and
reusable via a simple cleaning procedure. The general applicability of the strategy presented, and
the facile device fabrication from aqueous solution, hold great potential for the development of the
next generation of low power consumption portable diagnostic assays for the simultaneous

monitoring of different health parameters.
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The uncovering of biomarkers holds great potential in the early detection of disease and
physiological dysfunction;'™ in this context miniaturized/portable sensing apparatuses can allow
for continuous functionality in diagnostic or treatment.” Developing a platform for achieving this
is of importance to both fundamental biology and practical point of care and home diagnosis, where
low-cost processability and multipurpose analysis capability are among the most sort-out features
that sensing devices would need to possess.

Different detection methods have been employed so far, from the use of enzymes, to
nanoparticles, nanopores, as well as electrochemical and mechanical strategies.”'> Notably,
biosensing platforms that allow for the simultaneous detection of several types of biotargets on a
single platform have been fabricated;'*'® while these results are promising, challenges still remain
in terms of fabrication and power costs, as well as biochip size, mainly due to the top-down
fabrication methods employed.

In this regard, electrical detection methodologies based on nanomaterials can offer unique

advantages, such as simplicity, low-cost fabrication, and label-free real-time electrical detection
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in a non-destructive manner, as well as the ability to be effectively merged with miniaturized
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hardware. In particular, there has been great interest in the use of one-dimensional
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nanostructured materials, and SWCNTs emerged as strong candidates. It has been

demonstrated that target biomolecules in close proximity to SWCNTs can alter their electronic
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properties via various mechanisms; additionally, the use of SWCNTs ensures appropriate size

compatibility with biological analytes.'®**

The use of nucleic acid aptamers as the sensing moieties on SWCNT electrical platforms has
emerged of particular interest due to: 1) aptamers’ high affinity and specificity (comparable with
those of antibodies); i1) little or no batch-to-batch variation in their production (unlike antibodies);

4656 Nevertheless, the fabrication of these

and iii) the easiness in their design and engineering.
sensing platforms is still costly and time-consuming, typically involving numerous fabrication
steps, from chemical vapor deposition of the CNTs, to lithographic patterning. Moreover, and most
importantly, the SWCNT-aptamer biosensing devices so far presented do not allow for multi-
sensing capability nor low-cost processability (ideally from solution).

Here we present a strategy for the facile fabrication of reconfigurable and solution processable
nanoscale multiplexed biosensors, based on SWCNTs. DNA-wrapped (hence water-soluble)
SWCNTs’’ functionalized with specific nucleotide sequences were employed as selective
recognition elements. Distinct SWCNT-aptamer hybrids were then immobilized on the same chip
from solution onto pre-patterned electrodes via dielectrophoresis (DEP). This allowed us to
fabricate a multisensing platform for the simultaneous electrical detection of different biomarkers.
As a proof-of-concept, we employed our devices for both the selective detection of ss-DNA (i.e.

hybridization events) and, most notably, the label-free multiplexed sensing of cortisol,”® >

neuropeptide Y (NPY),*" °' and dehydroepiandrosterone-sulfate (DHEAS),** ® due to the roles of



these biomarkers in various physiological processes such as energy metabolism, blood pressure
regulation, cognitive function, post-traumatic stress disorder and traumatic brain injury.”® ® We
demonstrate the real-time detection of these hormones at their physiological relevant
concentrations, from pM to pM; additionally, we show how the platform developed is
reconfigurable and reusable via a simple cleaning procedure.

We wrapped single-chirality (7,6) enriched semiconducting SWCNTs with single stranded DNA
(ss-DNA) containing a bicyclononyne (BCN) functionality [see the Supporting information (SI)
and Figure S1]. This allowed us to then tether azide-terminated aptamers to the DNA-wrapped
CNTs, via a simple copper-free cycloaddition, directly in solution and without altering the
electronic properties of the nanotubes by covalent attachment.®* Notably, the reaction of different
azide-terminated aptamers to separate solutions of BCN-DNA wrapped CNTs permits the
preparation of distinct aptamer-functionalized SWCNTs solutions. We employed this strategy to
produce three different solutions of SWCNTs, each functionalized with a distinct aptamer selective
to a specific biomarker, namely cortisol, NPY, and DHEAS: the schematic in Figure 1 outlines

this approach (see also the SI).
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Figure 1. DNA-wrapping of the SWCNTs and tethering of different aptamers: cortisol (orange),
NPY (green) and DHEAS (red) binding aptamers

In order to verify the successful functionalization of DNA wrapped SWCNTs with the employed
aptamers, we hybridized cortisol aptamer-functionalized nanotubes with complementary ss-DNA
directly in solution, then cast these on muscovite mica substrates and imaged them with Atomic
Force Microscopy (AFM). Figure 2 shows representative AFM images of the aptamer-
functionalized SWCNTSs before and after hybridization with the complementary strands. The
double stranded (ds) DNA portion protruding out of the nanotubes is clearly visible in the samples
that were exposed to the aptamer’s complementary sequence (free dsSDNA not bound to the
SWCNTs can also be found in the vicinity of the nanotubes: see also Figure S2a-c). This
demonstrates that the functionalization strategy was successful: the nucleic acid aptamers are
present on the SWCNTs and are accessible to other biomolecules, ss-DNA in this case, an
important feature for the subsequent use of these hybrids as selective recognition elements in a
device. From the analysis of AFM images of multiple nanotubes in different samples, we
determined that each SWCNT exhibited on average 4 = 2 aptamers per 100 nm, and that these are
available for hybridization. Additionally, it is reasonable to assume that the tens of nm distance
between the aptamers on each nanotube will prevent potential detrimental crowding effects on the

biosensing properties of these hybrids once immobilized in a device.




Figure 2. AFM images, and cartoon insets, of aptamer-functionalized SWCNTs (a) without and
(b) with hybridized ss-DNA sequences. The yellow arrows show the hybridized aptamers along
the nanotubes. Z-scales = 2.5 nm.

To employ the so formed SWCNT-aptamer hybrids in electrical biosensing devices we: 1)
patterned metal electrode pairs on doped silicon wafers via electron beam lithography (see Figure
S3), ii) cast the solutions on the so fabricated substrates, and iii) immobilized the nanotubes
between the electrodes via DEP. The assembly between electrodes is induced by an applied AC
voltage bias: Figure 3 shows the schematic of the strategy utilised, as well as a representative AFM
image of aptamer-functionalized SWCNTs aligned between two pre-patterned electrodes (see also

the SI and Figure S2d).
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Figure 3. DEP of SWCNT-aptamer hybrids with the corresponding AFM picture. S, D and G

indicate respectively the source, drain and gate (electrodes) Z-scales = 10 nm.



To confirm the accessibility of the nucleotide recognition element within the SWCNT-aptamer
hybrids immobilized in the device configuration, we performed in-situ hybridization experiments
exposing the chip to the cortisol aptamer’s complementary ss-DNA, and recording the electrical
response of the device when the ds-DNA (double-stranded) was formed. Figure S4 shows a
representative electrical response of the SWCNT-aptamer field effect transistor (FET), before and
after DNA hybridization. The change in source-drain current indicates the occurred recognition of
the complementary ss-DNA by the aptamer in the SWCNT-based devices. The observed shift of
Vru (taken as the abscissa-intercept of the line tangent to the steepest part of the drain current
versus gate voltage curve) points to a potential scattering mechanism occurring upon the
rearrangement of the aptamer’s conformation due to DNA hybridization.®
When the CNTs in the devices were not functionalized with the aptamer, we did not record any
change in current upon addition of the complementary ss-DNA (see Figure S5). Moreover, the
exposure of the devices to non-complementary DNA did not induce any significant electrical
response of the devices (see Figure S6), demonstrating the selectivity of the DNA hybridization
detection. By exposing the chip to formamide, we were able to denature the ds-DNA,*® without
affecting the electrical properties of the SWCNT-aptamer hybrids, that indeed showed comparable
current responses to the initial stage: this further proves the reconfigurable nature of the platform,
via a simple cleaning procedure (see Figure S4 and Figure S6).

In order to use the devices for multipurpose analysis, we assembled SWCNT-aptamer hybrids
exhibiting distinct bio-recognition elements at different locations on the same chip. By separately
addressing distinct electrodes pairs it is possible to immobilize, via DEP, n aptamer-functionalized
SWCNTs on n different electrode pairs. The organisation of distinct SWCNT-aptamer hybrids

from solution to surfaces in parallel 2D device configurations on the same chip can then allow for



the fabrication of multifunctional, high-throughput bio-electronic devices with parallel multi-
purpose sensing capability (see Figure 4a). The electronic devices prepared in this way should
indeed withstand and respond to various environmental changes on the same substrates, depending
on the different aptamers employed: upon recognition of an analyte, the specific aptamer will

undergo a structural rearrangement67’ o8

and induce a change in the electrical response (resistance)
of the CNT embedded in the device.

To demonstrate the multi-sensing capability of the devices, we immobilized three distinct
SWCNT-aptamer hybrids on separate electrode pairs, on the same chip: this step is marked as
“after DEP” in the curves shown in Figure 4b. In particular, we used aptamers targeting the
aforementioned biomarkers indicative of stress and neuro-trauma conditions, i.e. cortisol, NPY
and DHEAS. We performed subsequent detection experiments on the same chip, employing
different solutions containing either one, two, or all three biomarkers. Upon selective binding of a
metabolite to the specific aptamer tethered to the SWCNTSs we observed a reduction in the current
response only for the corresponding device on the chip, without any crosstalk between the different
devices selective to the other analytes, nor any false-positive signals (see Figure 4b and Figure
S7). Notably, each distinct nanoscale device on the chip could be reversed to its initial state by

removing the metabolite bound to the aptamer via the addition of a urea solution® (“

cleaning” in
Figure 4b): this allowed us to perform multiple detection tests on the same chip, and successfully

demonstrate the multiplexed electrical detection of the three biomarkers of interest.
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Figure 4. (a) Schematic of the DEP strategy employed for the fabrication of multi-sensing devices:

a drop of the chosen SWNCT-aptamer solution is cast on the chip mainly over one electrode pair



, avoltage is then applied only across this electrode pair in order to direct the assembly of SWCNT-
aptamer hybrids only across this pair of electrodes, and not the others (see also the SI); (b)

multiplexed sensing: electrical responses of the different biosensors on the same chip (Vg =100

mV): the + sign indicates the addition/presence of the analyte of interest; the “cleaning step”
indicates the addition of 8M of urea in order to regenerate the sensor after each detection; “after

cleaning” indicates the measurements performed after this step.

We further investigated the real-time detection of cortisol, DHEAS, and NPY, at their relevant
physiological concentrations’ ™ ® ®* in serum, i.e. from 1 uM to 100 pM. The devices were first
immersed in serum; subsequently, different concentrations of each biomarker were added to the
devices at different time intervals. The electrical response increased with the change in
concentration; we detected in real-time concentrations of cortisol, DHEAS and NPY down to ca
50 nM, 10 nM and 500 pM respectively: see Figure 5 and the calibration curves shown in Figure

S8. The drop in L.V, is likely due to a screening charge in the CNTs induced by the change in

conformation of the aptamer upon analyte binding, as previously observed for ss-DNA folding in
CNT-DNA devices.”” * ™ Control samples, where the nanotubes in the deivces were not
functionalized with any aptamer, did not exhibit any change in their electrical reponse upon the
additon of the aformentioned biomarkers (see Figure S9). This further confirms the selectivity and

biosensing nature of the devices presented here.
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Figure 5. Real time detection of (a) cortisol (from 50 nM to 1 uM), (b) DHEAS (from 10 nM to 1
uM) and (c¢) NPY (from 500 pM to 1 uM) at various concentrations, in serum (Vg = 100 mV, V,

=-2V)

To further demonstrate the selectivity of the fabricated multiplexed platform also for real-time
measurements, we tested the DHEAS-sensitive sensor with a molecule possessing similar molar
mass and chemical structure to DHEAS (Sodium deoxycholate, SDC).** As shown in Figure S10a,
SDC was added at a concentration of 1 uM and no changes were observed in the current of the
DHEAS-sensitive sensor. The sample was then cleaned with DI water and exposed to a 1 uM
DHEAS solution. A sharp decrease in the conductance was at this point observed as expected
(Figure S10b), in line with the results shown in Figure 5b. Additionally, the source-drain versus
gate voltage measurements further confirmed the high selectivity of the platform (see Figure
S10c).

In conclusion, we presented a novel solution-processable method of general applicability for the
fabrication of label-free nanoscale biosensing devices, that permits the real-time and simultaneous
detection of multiple analytes on the same chip. We assembled hybrids of SWCNTSs and aptamers
from solution to surfaces in nanoscale device configurations, where the nanotubes could act as the
transducer elements, and the aptamers as the recognition components, of an electrical biosensing

platform. As proof of concept, we demonstrated the selective recognition of different biomarkers
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indicative of stress and neuro-trauma conditions, at various physiologically relevant
concentrations, from pM to uM. The devices exhibited high selectivity and sensitivity, as well as
multiplexing ability thanks to the immobilization of CNT-aptamer hybrids with distinct bio-
recognition elements on the same nanoscale chip via a DEP-based strategy; this grants low cost
processability and low power consumption. Additionally, the devices are reconfigurable and
reusable via a simple cleaning procedure. To the best of our knowledge, these results represent the
first example of solution-processable and reconfigurable nanoscale multiplexing sensing devices
based on the use of carbon nanostructures. By and large, the general applicability of the strategy
developed, and the solution processability of the nanoscale multiplexing biosensing devices we
fabricated, hold great potential for the development of the next generation of portable, point of
care and home diagnostic assays for the continuous and simultaneous monitoring of different

health parameters.
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