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Electrochemical aptamer-based (EAB) sensors represent a promising
platform for continuous monitoring of a wide range of biomarkers due
to the unique properties of aptamers, such as high affinity, target
binding reversibility and ease of designing them for a desired target
analyte. Currently, the performance of EAB sensors is limited by the
instability of the molecule/electrode link that is mostly based on the
gold-sulphur semi-covalent bonds that can be chemically and electro-
chemically unstable during operation of an EAB sensor. In this work, we
introduce, for the first time, an aryl diazonium salt-derived covalent
surface chemistry that enables the direct grafting of aptamers on gold
electrodes, in a single step, by the spontaneous reduction of an in situ
diazotized aryl-aminated aptamer derivative. This method allows for
more robust attachment of aptamers on gold electrodes via the
formation of a more stable interfacial gold—carbon bond. The fabri-
cated sensor shows a capability to continuously monitor the antibiotic
vancomycin target in phosphate-buffered saline (PBS) solution for over
48 hours. This work opens new avenues to overcome the instability
related to thiol-gold chemistry for the development of EAB sensors in
wearable devices.

Developing a continuous monitoring platform for many
chemical and biochemical analytes in real time in complex
biofluids is the ultimate yet to be realised goal in sensing."?
This would ideally require the biorecognition element to pos-
sess certain features such as high affinity to targets, binding
reversibility, selectivity and capability of being tailored to detect
multiple different targets. With all the great progress in the
sensing and the biosensing space over the past century, from
developing continuous glucose monitors®* to high affinity
immunoassays,® finding a biorecognition element that meets
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the criteria for continuous monitoring remained elusive until
the discovery of aptamers - nucleic acid molecules that can
reversibly bind to various targets depending on the sequence of
the nucleic acid and its structure.® By combining the discovery
of aptamers and the knowledge from the earlier-developed
nucleic acid electrochemical biosensors,””® Plaxco and co-
workers developed electrochemical aptamer-based (EAB) sen-
sors as a promising platform for continuous monitoring that
has been shown to be capable of continuously monitoring drug
levels in vivo.>'® Despite the fascinating potential of EAB
sensors, the platform is still facing some challenges with the
interface instability representing a bottleneck for their long-
term performance in complex biological media.'*

An EAB sensor is typically composed of a single-stranded
aptamer DNA that is functionalised with an alkanethiol at the
proximal end of the aptamer and a redox probe (e.g., methylene
blue) at the distal end.">"* When no analytical target is present
in the biological sample, the tethered redox probe can move
freely above the electrode surface. Accompanying the aptamer
on the surface is a diluent mercaptohexanol (MCH), which
serves to ensure that the DNA aptamer does not lie flat on the
gold.”"* Binding the aptamer to the target molecule confines
the redox probe closer to the surface, which thus leads to an
increase in the rate of electron transfer with a concomitant
increase in current.">" The change in the electron transfer rate
is proportional to the concentration of the target molecule in
the sample. In addition to the redox-labelled EAB sensor
architecture, a redox label-free configuration has been devel-
oped where the signal transduction involves a redox process of
redox coupled ions in solution. While redox-labelled EAB
sensors are more sensitive and suitable for real-time contin-
uous measurements compared to label-free aptamer sensors,
the presence of a redox probe connected to the aptamer causes
faster sensor degradation due to the potential interrogation
that might accelerate the Au-S bond degradation."® Moreover,
methylene blue is pH sensitive and that might cause sensing
variations and instability when deployed in biological fluids."”
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Both the ease of assembly and the control over the final
aptamer/MCH interface when using alkanethiol monolayers
spontaneously assembled on gold are key to the success of
the EAB concept; however, the long-term stability of these
sensing interfaces is a challenge for advancing the technology.
The desorption of the alkanethiol monolayers occurs when the
gold-thiolate bond oxidises'® and when sufficient energy is
applied to the system.'® Therefore, finding a more robust
alternative to the Au-S interfacial bond, either via replacing
the electrode substrate or molecular anchoring, could poten-
tially play an important role in moving this technology forward.

Other surface chemistry approaches such as the use of
pyrenes®® and its analogues to connect nucleic acids to gra-
phene electrode substrates in the graphene field effect transis-
tor (GFET) architecture via n-n stacking.”"> The GFET was
then coated with an antifouling membrane and the sensor
retained its signal for a few days. Although the pyrene-enabled
GFET sensor showed good stability in biofluids, that stability
might be attributed to the presence of the antifouling layer.
There are some concerns regarding the physical displacement
and the resistance of this physisorption-based anchoring chem-
istry to continuous potential interrogation.'"*" Phosphates on
ITO have also been exploited to fabricate EAB sensors but the
sensors were found to be less stable than the alkanethiol ones,
and the instability was attributed to the instability of the
underlying ITO material rather than the surface chemistry
itself.>

Molecular contacts such as carbon-gold covalent bonds
have shown higher stability in molecular devices,*"*® but
endeavours to replace the Au-S bond by a carbon-based
anchoring on electrodes have been unsuccessful so far, mainly
because of the challenging control of the radical chemistry
involved and the subsequent aptamer attachment, which lead
to the absence of aptamer organization on the surface, and
possibly to multilayer formation. An example using the aryl
diazonium chemistry, from which we draw inspiration,®
involved modifying the glassy carbon electrode with an aryl
diazonium salt or an aliphatic amine layer and then in a second
step attaching the aptamer. Despite this elegant chemistry, only
EAB sensors with an electrochemically grafted aliphatic amine
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monolayer were found to be more stable compared to the
common thiol-gold based ones. The authors also highlighted
that the aryl diazonium layer-based sensors showed no
response,®® which was attributed to the possibility of low
control over the aryl diazonium reduction process in the under-
lying layer, the presence of physically adsorbed species and the
tendency for forming multilayers.”””® In contrast to the pre-
vious multistep strategies for forming EAB sensors using aryl
diazonium salt layers, herein we present a completely new way
of forming these layers in a single one-step strategy that
potentially gives greater control over the sensing interface.

The spontaneous grafting of an aptamer on gold report-
ed here involved an aptamer DNA functionalized with
4-aminobenzoic acid (4-ABA) at one end (5’ terminal) and a
methylene blue moiety at the other end (3’ terminal). The NH,
group of the 4-ABA can undergo diazotization via the addition
of sodium nitrite (NaNO,) as a diazotizing agent in the presence
of hydrochloric acid (HCI). The obtained aryl diazonium termi-
nated aptamer spontaneously decomposed at the gold interface
into the corresponding aryl radicals, which subsequently
grafted to the metal.>® The sensing response of the generated
interface was tested in the presence of different concentrations
of the antibiotic drug vancomycin in phosphate-buffered saline
(PBS) and the fabricated sensors were used in continuous
monitoring of vancomycin in PBS buffer.

Fig. 1a shows a schematic depicting the utilised surface
chemistry that involves in situ diazotization and subsequent
spontaneous reduction at the gold-solution interface, leading
to the grafting of the aryl radicals produced. The electrochemi-
cal response of the methylene blue probe was recorded using
square wave voltammetry (SWV) in PBS solution confirming the
attachment of the functionalized aptamer on the gold electrode
(Fig. 1b). After the addition of 20 uM of vancomycin, an
increase of the SWV signal can be observed (Fig. 1b). This
positive response in current can be explained by the target
binding-induced conformational change in the aptamer struc-
ture, which accelerates electron transfer from methylene blue
to the gold electrode, presumably by the methylene blue
becoming closer to the electrode surface upon target
binding.>*® Although the increase in current is not as great
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Fig. 1

(a) Reaction sequence followed for the grafting of the aptamer used for vancomycin detection via the in situ generation of its aryl diazonium

derivative and subsequent backfilling of the surface by adsorption of 6-mercapto-1-hexanol (MCH). (b) Square wave voltammograms recorded at 150 Hz

in the absence and after the addition of 20 uM of vancomycin.
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Fig. 2 (a) Evolution of the aryl diazonium EAB sensor charge obtained

from square wave voltammetry at different frequencies before and after
vancomycin addition. (b) Change in the signal gain recorded in the same
frequency range after vancomycin addition.

as that observed with the same aptamer bonding to gold via
alkanethiol chemistry,'>?" the signal increase is consistent with
the presence of functional aptamers on the surface. Such
results demonstrate that the aryl diazonium strategy can be
used to attach modified aptamers, with the covalent bond
formation not hindering interactions with the target. To further
understand the kinetics of the aptamer response, square wave
voltammograms were recorded at frequencies ranging from
5 Hz to 1000 Hz in the absence and in the presence of increasing
concentrations of vancomycin. The charge-frequency plot pre-
sented in Fig. 2a shows the electrochemical response of the
methylene blue probe as a function of the SWV frequency used
to interrogate the sensing interface. Without vancomycin, the
signal showed a maximum at 33 Hz. After the addition of 20 and
then 50 pM of vancomycin, the charge-frequency plot was
shifted towards higher frequencies, which indicates an increase
of the electron transfer rate of the sensing interface.

The signal gain, defined as the ratio between the maximum
of the absolute current of the SWV recorded before and after
vancomycin addition, was calculated for each frequency
(Fig. 2b). The signal gain was negative for low frequencies
(i.e. below 50 Hz) and positive for high frequencies. According
to the collision model of surface confined redox species,**”
the increase in current, and hence electron transfer kinetics,
can be attributed to a specific conformation change for the
aptamer when interacting with the vancomycin target. The
maximum gain, obtained at a frequency of 200 Hz, was respec-
tively of 17.2% and an additional 10.2% for vancomycin addi-
tions of 20 and 50 uM, respectively.> It is also noted that the
charge-frequency plot shape of the aryl diazonium EAB sensors
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has a maximum current at a higher frequency than the 10 Hz
observed for the same aptamer formed using the conventional
gold-thiol (Fig. S1, ESIT). According to the collision theory, this
shift is consistent with the generation of a more rigid organic
layer when the aryl diazonium approach is used or to the
confinement of the methylene blue probe closer to the
surface.>® Note: the variations in effective electrode surface
area (eqn (S1), ESIT) were found to be minimal (see Fig. S3,
ESIT). Therefore, further investigations are necessary to fully
understand the current response of the sensor. Measuring a
calibration curve for the aryldiazonium EAB sensors shows that
the sensor has a lower gain than the conventional alkanethiol
EAB sensor, which compromises the ability to discri-
minate between small changes in concentration (Fig. S2, ESIf).
However, the aryldiazonium sensor response to various con-
centrations of vancomycin is consistent with a classical ther-
modynamic binding model of the same aptamer with
alkanethiol chemistry, the signal gain of the diazonium-based
sensors is lower (Fig. S2, ESIt). We speculate that this lower
signal gain could be attributed to a lower number of respond-
ing aptamers on the surface compared with the alkanethiol
approach. The lower number of responding aptamers could be
attributed to (1) the lower surface coverage of the functional
aptamer within the sensing interface, (2) the presence of some
radical attacks from the diazonium chemistry that might be
damaging some of the aptamer causing aptamer aggregations
and non-specific interactions, and (3) methylene blue could be
interacting with the underlying aromatic ring via n-n interac-
tions forcing the aptamer to stay folded and unresponsive to
the target.

The stability and the signal reversibility of the sensor were
tested using repetitive SWV measurements upon vancomycin
addition. To correct for the signal drift, the kinetic differential
measurements (KDM)**> were employed (eqn (S2) and (S3),
ESIT). With continual measurement over 60 h, the aryl diazo-
nium chemistry showed a lower current decay, compared to the
alkanethiol interfaces (Fig. 3a). These results show that an
aptamer-based biosensor with a covalent Au-C interfacial bond
is almost 50% more stable than one using the traditional Au-S
bond. This stability improvement could be attributed to (1) the
resistance of the Au-C bond to oxidation, (2) the higher bond
strength (170-200 k] mol™" (ref. 36) compared to 190-350 K]
mol " for Au-S)*”*% and (3) low anchoring geometry variability
of the Au-C compared to the Au-S. With regards to reversibility,
Fig. 3b shows the signal gain calculated for the following
sequence: 50 measurements without vancomycin, 25 measure-
ments after a 20 pM vancomycin addition, then 50 measure-
ments after vancomycin removal. The signal-on response of the
interface after vancomycin addition showed an ~20% increase
in the KDM values. After vancomycin removal, the signal
decreases to the levels prior to vancomycin exposure (the
recovery is ~93% indicating some loss of performance, which
is attributed to irreversible desorption after binding of the
analyte). Regardless of this slight increase in baseline current,
this is the first time that close to reversible target binding can
be achieved using aryl diazonium-enabled EAB sensors.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Signal decay comparison for both the aryl diazonium salt and
the alkanethiol enabled sensors. (b) Signal gain obtained by kinetic differ-
ential measurement (KDM) values upon vancomycin addition.

Herein, we report the first development of an EAB sensor
that exploits the direct reduction of an aryl diazonium-modified
aptamer. This one-step approach allows the covalent attach-
ment of the aptamer to the gold surface, conferring a stability
to the molecular layer that cannot be obtained via the tradi-
tional gold-thiol chemistry. The sensor designed to detect the
vancomycin antibiotic was successfully tested in the drug
therapeutic window, showing a signal-on behaviour. The
quasi-reversible signal increase recorded following vancomycin
addition demonstrates the existence of reversible aptamer/
target interaction. The sensing reversibility shows that directly
immobilising custom synthesized aptamers with a distal
4-aminobenzoic acid moiety, provides control over the interface
and generates analyte responsive sensors. These findings open
doors for further investigations on the deposition parameters
and need for precisely controlling the layer formation and
ensure maximised signal gains and sensing performance.
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