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Rapid, selective detection of biological analytes is necessary for
early diagnosis, but is often complicated by the analytes being
bound to proteins and the lack of fast and reliable systems available
for their direct assessment. Here, a cheap, easily-assembled mole-
cularly imprinted silica/graphene oxide hybrid is developed, which
can selectively detect toxins linked to early-stage chronic kidney
disease, down to femtomolar concentrations within 5 minutes. The
hybrid material is capable of simultaneously and separately mea-
suring free and bound analytes using with an ultra-low limit of
detection in the femtomolar range, and uses processes intrinsically
adaptable to any charged molecular analyte.

Detection of metabolites and molecular toxins is a key clinical
tool for the early diagnosis of a large range of conditions.
However, detection is often complicated by the analytes binding
to proteins, becoming inaccessible for classic quantification
methods which rely on free, isolated molecules. An important
archetypal metabolite is indoxyl sulfate (IS); a uraemic cardio-
toxin generated by the metabolism of dietary i-tryptophan.' The
accumulation of IS has been extensively reported in patients with
chronic kidney disease” and its presence is correlated to a poor
prognosis of such patients.® However, IS mostly (>90%) binds to
proteins in the serum such as albumin,* complicating analysis
which would provide a vital first step towards effective monitoring
and improved early treatment of patients with chronic kidney
disease.

Currently, the main IS detection method® involves initial
addition of a binding competitor (e.g. sodium octanoate) to
displace protein-bound IS, followed by subsequent quantifica-
tion of free IS through high-performance liquid chromatography
(HPLC).® Alternative recently-developed methods include using
acetonitrile as a precipitation agent before injecting the samples
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in the HPLC columns,” but in all cases, these methods require a
laborious preparation, and are performed over the hours time-
scale so are unsuitable for rapid quantification. The speed and
efficacy of any test is vital to facilitate incorporation into real-
world settings to better diagnose and assist in the treatment of
patients with chronic kidney disease.>*

The application of non-equilibrium methodologies such as
pulse amperometry (PA) may circumnavigate these challenges.
During PA, a short-lived current between a working and counter
electrode is established by applying a voltage pulse. As a
consequence, charged analytes locally concentrate around the
electrodes since such voltage induces an ion flux, which
improves the sensitivity of the sensors.® PA has previously been
proven to be useful for the detection of charged molecules in
solution,’ and more recently Shvarev et al.*® demonstrated that
PA can be adapted for the determination of free and total
concentration of ions in the presence of chelating agents in
solution; during the PA pulse, a depletion of ions close to the
sensing film is thought to force the extraction of the complexed
ions, temporarily allowing their detection (before subsequent
rechelation). Thus, PA shows promise for the development of
rapid detection systems that allow the simultaneous detection
of free and bound charged molecules in solution. However, the
availability of suitable materials that can be adapted for the
specific detection of IS in solution is low. To date, only
materials that allow the indirect detection, including enzymes
such as sulfatase, have been developed.” This enzymatic
method involves the reaction of IS with sulfatase, releasing
indoxyl molecules that can be detected by reaction with tetra-
zolium salts and measuring the changes in the absorbance at
280 nm. However, given the laborious preparation and the
relatively bulky equipment needed, this technology cannot be
applied for the fast and portable detection of IS. Thus, (nano)-
materials that allow the selective adsorption of IS in solution
are needed to tackle the current challenges by developing
electrochemical sensors.

The recent development of molecular imprinting technologies
has facilitated a recent expansion in the solution sensor field,
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allowing the low-cost synthesis of materials that can specifically
interact with one of a wide range of challenging analytes. The
molecular imprinting process consists of the polymerisation or
condensation of functional monomers in the presence of an
analyte to generate a selective material."* Molecularly imprinted
mesoporous silica has been adapted for the detection of vanco-
mycin, melamine, and trypsin, demonstrating the versatility of
these materials for the detection of multiple compounds in
biological environments electrochemically.'> However, akin to
HPLC-based methodologies, the sensitivity of these electro-
chemical devices was poor in these biological environments when
compared to other assays such as enzyme-linked immunosorbent
assay.”

Here, a new PA-amplified sensor based on hybridised mole-
cularly imprinted silica nanoparticles and exfoliated graphene
oxide is developed for the detection of free and protein-bound
IS in body fluids. To create the sensing material (Fig. 1a, full
synthetic details provided in the ESIf), in brief, cyclodextrin
was covalently attached to a silyl ether group by using an
adapted literature procedure,'* which was subsequently mixed
in 1:1 water/ethanol with N,N,N-trimethyl-1,1,1-trimethylsilyl
ammonium iodide, tetraethyl orthosilicate, and IS, leading to
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Fig. 1 Schematic representation of the synthesis process followed for the
formation of the molecular imprinted nanoparticles. (a) Exfoliated
graphene oxide is used as a support for the synthesis of the selective
nanoparticles. (b) Besides the target analyte (IS), used as a template,
cyclodextrin bound to silyl ether groups, (N,N,N-trimethyl-3-aminopropyl)
trimethoxysilane (N,N,N-DMAT) and tetraethyl orthosilicate as spacer are
employed. (c) The combination of this elements generates a specific pore
that allows the detection of IS in solution. (d) The final device consisted of a
thin gold electrode film (50 nm) where the molecularly imprinted material
was deposited, and an upper chitosan layer. The final device, including the
chitosan, electrode and ionically imprinted material had a thickness of
500 nm. (e) When zero-current OCP measurements were used, an equili-
brium between the IS in solution and the sensing devices was established. (f)
Upon the application of an amperometric pulse, an ion flux is generated,
increasing the potentiometric signal. (g) After the pulse, OCP is used again to
regenerate the equilibrium conditions on the sensing electrodes.
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Fig. 2 (a) nanoparticles onto the exfoliated graphene oxide. (b) Detail of the
silica nanoparticles on the surface of the exfoliated silica nanoparticles.
(c) Calibration plot of the sensing devices by OCP. (d) Sensitivity achieved by
using pulse amperometry under 4 different current values (1, 10, 100 and 200 pA).

silicon oxide formation, with quaternary amines and cyclodex-
trins templated around the IS. The mixture also contained
exfoliated graphene oxide (synthesised using a modified Hummers’
method"?) which acted as a support for the growing nanoporous
silica. Exfoliated graphene oxide was chosen as a support due to its
high capacitance'® and ability to transduce the potentiometric
signal in ion-selective electrodes."”” Devices were assembled by
depositing the sensing material as a 500 nm film through aerosol
assisted chemical deposition,'® onto 50 nm thick gold electrodes
sputtered on glass, followed by coating of a binding chitosan top
layer. The molecularly imprinted silica nanoparticles had a dia-
meter of ca. 58 nm and sat on the top of the graphene oxide layers,
as clearly seen in SEM (Fig. 2a and b). The material had an average
pore radius of 1.7 nm as measured by BET using a DFT estimation
(ESL Fig. S5). The final device consisted of a three-electrode setup
using the assembled material as working electrode, a platinum wire
counter electrode, and a silver chloride reference.

Due to the presence of a sulfate group, IS in solution has a
negative charge, allowing its quantification by measuring the
potential of the electrodes. When open circuit potential was
used for the measurements, the sensors operated as in the case
of ion-selective electrodes. In this, case, the presence of the
specific pores induced an adsorption of the IS molecules, and
an equilibrium between the IS inside the sensing film and the
sample was established. The transduction of the potentio-
metric signal was then accomplished by an electron exchange
between the capacitive interlayer, in this case the graphene
oxide, acting as ion transducer, and the gold contact electrodes.

To calibrate the device, the open circuit potential (OCP) was
measured with IS concentrations between 10" % to 2 x 10™* M
(the typical range found in human serum'®) in simulated body
fluids (ESI, T Table S1), leading to a linear relationship (Fig. 2c)
of —6.7 & 0.2 mV log[IS]". In addition, the limit of detection
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was determined by following the IUPAC guidance. Such limit of
detection was calculated by measuring the OCP of the devices
in the absence of IS (ie. just simulated body fluids) and
calculating the intersection between the calibration curve with
this value (ESI,T Fig. S6a). This experiment was repeated 6 times
and the standard deviation of the measurements was deter-
mined. This standard deviation was added to the instrument
detection limit obtained by the blank measurements after
multiplying it by 3. The calculated limit of detection was
2.5 x 10~ M, one of the lowest values reported so far in the
field of electrochemical sensors, and 10° times lower standard
HPLC detection®® of indoxyl sulfate (ca. 10~° M). The sensitivity
achieved in this case was reproducible across different sensors
in both OCP and pulse amperometric detection (ESI,T Fig. S7).

Beyond these OCP measurements, PA measurements were
performed through measuring the difference immediately after
a 5 s pulse of pre-set current. A 5 min OCP measurement was
taken prior to the pulse to ensure stability for a total measure-
ment time of 305 s. The use of PA initially decreased the
sensitivity of the devices when using low current values (1 pA;
—3.5 mV log{IS] "), but increased for higher currents with a
maximum of —34 mV log[IS]" seen for 100 pA (Fig. 2d). Further
increases in pulse current led to a subsequent decrease in
sensitivity. The device behaviour remained constant across
biologically relevant pHs, degrading at extremely high or low
pH values (ESL} Fig S9a and b). Testing in high non-target ion
concentrations (10 mM NaCl/KHCO;/CaCl,, 10> x [IS], ESL*
Fig S9c and d), the OCP was ion-independent and PA trends
remained the same, with dampened total signal from the high
dielectric environments.

When non-templated silica nanoparticles were employed for
the sensing, a significantly lower sensitivity of the devices, in
the range of 2.7 + 1.6 mV Log[IS] " for the OCP measurements
and —17.0 + 0.3 mV Log{IS] " for pulse amperometry measure-
ments, were obtained (ESLi Fig. S8). In addition, when a
control sample which did not include any silica nanoparticles
were tested for the detection of IS, a low sensitivity in the range
of 1.8 & 0.2 mV Log[IS] " and —3 + 2 mV Log[IS] " for OCP and
pulse amperometry respectively were obtained. These results high-
light the necessity of silica nanoparticles and a correct templating
for achieving the required sensitivity of the sensing devices.

The magnitude of the applied pulse was also used to
modulate the selectivity of the devices. Selectivity was studied
by measuring the sensitivity of the sensors towards tryptophol,
and caffeine, which show a similar structure to IS, and creati-
nine, a molecule commonly present in serum samples and
metabolised by the kidneys, which accumulates in patients
with chronic kidney disease® (Fig. 3a). This selectivity was
determined by studying the sensitivity of the devices towards
these compounds by triplicates. When the OCP of the sensors
was used for the calibration, the sensitivity towards caffeine,
creatinine and tryptophol was relatively low (—2.7, —3.1 and
—0.5 mV log[I]™", respectively). In the case of caffeine and
tryptophol, the achieved sensitivity was lower than the one obtained
in the case of IS across all the tested current values. However, at
10 pA, the sensitivity towards creatinine (—14.5 mV log[I] ") was
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Fig. 3 (a) Molecular structure of indoxyl sulfate and the components

employed for the measurement of the selectivity of the developed
molecularly imprinted silica nanomaterial. (b) Sensitivity achieved towards
the components employed for testing the selectivity of the sensing device
using OCP and pulse amperometry with 3 different magnitudes (1, 10 and
100 pA). The error bars represent the standard error after measuring the
sensitivities by triplicates.

higher than IS (=13 mV log[IS]™ "), and only at 100 pA was the
device more sensitive towards IS, for which the device was
designed. As such, the use of an optimal current magnitude can
be seen to be essential not only for ensuring a good sensitivity, but
also to preserve the selectivity of the devices. Additionally, in theory,
the differing response trends for differing analytes as a function of
pulse current allows measurement on a solution of mixed analytes,
by calibrating the sensitivity towards multiple analytes across many
PA currents and measuring the total response of the mixed sample
across different PA pulses.

The dependence between the observed sensitivity and selectivity
of amperometric sensors is commonly observed in electrochemical
sensors operating with cyclic voltammetry. The maximum current
was obtained as a result of an optimal diffusion layer, due to the
adsorption of the electrolytes to the sensing.*” As such, the optimal
current for the adsorption of IS was 100 pA.

One of the main proposed advantages of the PA methodologies
is the potential for the detection of analytes after they have been
complexed or adsorbed to other molecules. Thus, pulse ampero-
metry could be exploited for the quantification of the free and
protein-bound concentration of IS in biological fluids, which is one
of the major challenges in the quantification of IS. To prove the
applicability of this pulse amperometry approach for the detection
of free and bound IS, the sensing devices were first tested in the
presence of a dispersion of activated carbon. Activated carbon
presents a highly porous structure rich in polar hydroxyl and
ketone groups that can adsorb organic compounds from
solution,”>* and has been employed for the removal of plasma
proteins including IS previously.>® As such, it represented a perfect
candidate for testing sensitivity of the device towards bound IS.

A concentration of 250 uM IS in simulated body fluids was
employed (in the range of concentrations typically found in the
serum of patients with chronic kidney disease®) and 10 pg mL ™"
of activated carbon was added. The free and total amount of IS
were determined by measuring the OCP and the response after
applying a 100 pA PA pulse, respectively (Fig. 4a). The free
concentration measured from the OCP was 13 pM, implying
ca. 95% of the IS was absorbed onto the carbon black and
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Fig. 4 (a) Measured concentration of IS after immersing the electrodes in
a solution containing 250 uM IS and 0.04 mg mL~* activated carbon. The
employed concentration is indicated by a dashed line. (b) Measured
concentrations obtained after immersing the sensing devices in a solution
containing 0.04 mg mL™* albumin with and without 250 uM IS. Error bars
represent standard errors.

incapable of transferring to the electrode surface. However,
immediately after the pulse, a concentration of 249 pM was
measured; approximately the concentration initially added.
Similar to previous work extracting chelated ions using PA,'**
the pulse was seen to lead to a desorption of the biologically
relevant analyte from the carbon black into the solution allowing
accurate quantification.

To provide an even more realistic binding environment, a
250 uM IS solution was made using SBF containing 0.04 mg mL ™"
human albumin (Fig. 4b). Albumin was chosen since it represents
the most common protein in serum, and the adsorption of IS to
this protein has been extensively studied.”® Here, free IS in the
solution measured from OCP remained high (194 uM) indicating
only partial uptake of IS, while the PA (using a 1 pA pulse)
measurement led to a higher value (300 uM).

The discrepancy is attributed to the presence of analytes in
the original human albumin sample employed which desorb
from albumin under PA, and are measured alongside the IS.
Indeed, the PA-measured concentration of IS of a solution only
containing albumin was 57 pM, correlating well with the
measured excess above the added IS concentration (50 pM).

In summary, a sensing device based on molecularly
imprinted silica has been developed for the detection of indoxyl
sulfate in simulated body fluids. The material is assembled from
cheap, readily available reagents and may be synthesised and
fabricated as device films quickly and simply. This system could
detect indoxyl sulfate into the 10~"> M range, being 10° times
lower than the standard HPLC method. By using pulse ampero-
metry, the sensitivity of the device increased by almost 6-fold
with increased selectivity when tested against caffeine, creati-
nine and tryptophol. Additionally, the pulse amperometry could
be employed for the simultaneous detection of the free and
bound concentrations of IS, tested using an idealised binding
support and human albumin. This test not only provides a clear
route to cheap and rapid (ca. 5 min) screening for chronic kidney
disease but provides a versatile framework to create a range of
effective sensors using alternative biological analytes, even those
typically bound to macromolecules in real-world environments.
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