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selective detection of two species in the same
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The specificity of enzymes for their substrate typically means there is one enzyme for one molecule.
Nanozyme research has focussed on mimicking reactions that enzymes can perform, with far less
emphasis on selectively reacting with species in complex biological fluids. Herein we ask the question,
can a nanozyme be engineered to do what enzymes cannot do, detect and react selectively with two
different substrates in the same blood sample? This is achieved using a nanoparticle that mimics the
three-dimensional geometry of an enzyme with isolated substrate channels leading to an active site. The
nanoparticle was composed of an active gold core and an inert carbon shell that has nanochannels and
was immobilised onto an electrode. With careful choices of electrochemical potential, the solution
environment inside the carbon nanochannels can be controlled to create the conditions ideal for
selectively reacting with each species in sequence. In this way it was shown that glucose and dopamine
could be selectively detected in the same unadulterated whole blood, by using two different
electrochemical potential pulse profiles. The concept of using nanoconfinement as enzymes do, altering
the solution environment inside channels, and using electrochemical potentials to choose which
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Introduction

Enzymes are specific catalysts, typically selectively converting
a single reactant into a single product. They are also able to
catalyse reactions in complex biological media. The ability to
do this is derived from a combination of a well-defined active
site to catalyse the reaction and a three-dimensional struc-
ture with the active site located down a polypeptide substrate
channel. The substrate channel serves the dual purpose of
controlling the solution environment around the active site
and to exclude unwanted species from entering the substrate
channel.** Altering the solution environment around the
active site, compared to the solution environment
surrounding the enzyme, can play a pivotal role on the
catalytic activity as well as facilitating the enzyme to be
selective for its target substrate.™** The reasons to mimic
enzymes using a solid nanoparticle are firstly the polypeptide
structure can be unstable over time, especially so in nonbi-
ological  environments®” and  secondly, it s
nonconducting.**** Developing strategies to electrically
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communicate with the catalytic active sites of enzymes is
a foundation of biosensing first implemented in glucose
sensors.*?

Nanoparticle systems that can mimic enzyme reactions,
often called nanozymes, can exhibit greater stability and
improved electron transfer to their catalytic active sites.”**'
Like many enzyme mimics that replicate the active site of
enzymes, but not the substrate channel, nanozymes invariably
have inferior selectivity in biological media than enzymes. This
is because typically their active sites are exposed to the bulk
solution on the nanoparticle surface.*>*

An approach to improve selectivity is to take inspiration
from the geometric structure of enzymes and place an active
site within a nanoscale confining substrate channel.””"** The
nanoconfinement of a solution can alter the pH, concentration
of reactants and intermediates, influencing the electro-
catalytic activity and selectivity just as it does in enzymes.**>*
It has been shown that this approach can have significant
effects on the activity and selectivity of electrocatalytic oxygen
reduction and carbon dioxide reduction.'®'****-* More
recently enzyme inspired substrate channels have allowed for
the control of the solution environment, precisely the pH,
around the active site allowing for the selective detection of
glucose in whole blood."”
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The detection of glucose in whole blood was achieved with
a 100 nm gold nanorod, acting as the active site, coated in
a 6 nm carbon shell which had 10 nm isolated nanochannels
engineered into it such that they reached down to the under-
lying gold surface. This nanozyme worked by first applying
a highly reductive potential to expel chloride from the gold
surface, remove fouling proteins from the mouth of the chan-
nels and split water into hydrogen and hydroxide ions at the
gold. The water splitting served to increase the local pH within
the nanochannels. A high pH environment is required for
appreciable glucose oxidation on gold.*' Subsequently an
anodic potential was applied to oxidise glucose at the recessed
gold active site. The combination of the reductive potential and
then pulsing to an oxidising potential for glucose resulted in
selective detection of glucose in whole blood.

The study with glucose revealed a feature that enzymes do
not have, the ability to temporally control the solution envi-
ronment in the substrate channel using electrochemical
potential. Being able to generate different solution environ-
ments using electrochemical potential then invokes the ques-
tion, can a single nanozyme selectively detect more than one
species in the same sample?

The purpose of this paper is to answer that question by
showing selectively detecting glucose and then dopamine in the
same whole blood sample. To achieve dual detection, requires
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that conditions can be found where one analyte can be detected
and not the other and then the ability to change the solution
environment to change which analyte can be detected. For this
purpose, we chose dopamine as an analyte which is electro-
active on gold at physiological pH and glucose where the reac-
tion occurs in basic media.***> The combination of glucose and
dopamine is practically important in diseases such as Parkin-
son's, and in the regulation of metabolism and the endocrine
system.*¢ It is in this role where the connection between
striatal dopamine concentration has begun to be correlated
with the metabolism of glucose and hence the pathology of
diabetes.*****¢ As such sensing platforms capable of the
simultaneous detection of both analytes have begun to be
devised.*”*®

The strategy taken to detect both species selectively is
shown in Scheme 1. At neutral pH dopamine can be detected
at more negative potentials than glucose but by then gener-
ating basic conditions in the nanochannels, the potential
required for glucose oxidation shifts negative of dopamine. As
such, an electrode with the nanozymes attached detects
dopamine in a blood sample before the potential is pulsed
sufficiently negatively to split water and generate base,
whereupon glucose can be detected selectively. The selective
detection of dopamine and glucose in unadulterated whole
blood is demonstrated.

a dopamine —
pH 7.4 /\
| | [ /]
I | ]
-1.85 -0.7 0 02 03 04 06V
Dopamine Pulse ,
glucose dopamine
b
I HER Region | | I | I
I Increases Local pH | | I | I
-1.85 0.7 025 0 0.2 0.6V

l Glucose Pulse

, vs Ag|AgCI

Scheme 1 Representation of the analytical potential scale from —1.85 to 0.6 V vs. Ag|AgCl depicting the range between which the electro-
chemical detection of (a) dopamine and (b) glucose are selected. At pH 7.4, when the cathodic current is not great enough to split water,
dopamine (blue) is oxidised at 0.2 V while glucose (red) is oxidised at 0.4 V. The application of a highly reductive pulse to —1.85 V renders the local
pH inside the pore to be more alkaline, causing the glucose oxidation peak to shift more cathodic such that it is more negative of dopamine
oxidation, after which a potential of —0.25 V oxidises the glucose.
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(a) High resolution transmission electron microscopy of the nanozyme, (b) fast Fourier transform (FFT) of the area highlighted in red. The

spots match the close-packed face-centred-cubic (fcc), (c) scanning electron microscopy (SEM) image of the artificial enzyme, (d) cyclic vol-
tammogram of the nanozyme modified electrode in phosphate buffer (pH 7.4, Na,HPO4 (0.0302 mol LY + NaH,PO, (0.0098 mol LY, scan rate

=50mVs?).

Results and discussion

The nanozymes consisting of gold nanorods coated in carbon
with isolated channels leading to the gold core were synthesized
following a method described previously.”*** Briefly, gold
nanorods were synthesised using a seed mediated approach
adapted from literature.*® The as synthesised, nanorods were
then coated in a carbon shell via a nano-emulsion based

© 2025 The Author(s). Published by the Royal Society of Chemistry

synthesis utilising the polymerisation of dopamine around
a template and subsequent pyrolysis of the nanostructured
polydopamine.*® To characterise the nanoscale structure of the
synthesised particles transmission electron microscopy (TEM)
analysis of the carbon coated nanorods was performed deter-
mining the length and width of the core gold nanorod to be 93
+ 16 nm and 53 + 7 nm respectively (Fig. S2a-e). The carbon
shell was determined via TEM analysis to have a thickness of 5.8
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=+ 2.3 nm (Fig. S2a-c and f). As such, the geometry of the syn-
thesised artificial enzyme was consistent with previous
reports.”’

To determine the nanoscale structure of the nanozymes
high-resolution transmission electron microscopy (HRTEM)
was performed on the nanoparticles. Fig. 1a shows an image of
one of the nanozymes. The regions of dark contrast were asso-
ciated with gold, as shown by the Fourier transform of the
image in the red boxed region which showed the presence of
close-packed face-centred-cubic gold (Fig. 1b). The region of
lighter contrast surrounding the gold rod was attributed to the
thin, porous carbon coating.

Scanning electron microscopy (SEM) imaging of the particles
was performed to confirm the presence of isolated channels in
the carbon shell. The SEM image in Fig. 1c confirmed the
proposed structure of the carbon as having isolated channel
nanostructures with the dark spots on the rods attributed to
said channels. The pore diameter was estimated by scanning
electron microscopy showing an average pore diameter of 9 +
3 nm (Fig. S3).

To provide further evidence that the carbon was conduc-
tive, X-ray photoelectron spectroscopy (XPS) was performed to
understand the chemical structure of the carbon. The C 1s
spectra of the nanozymes suggested the carbon shell was
conductive, with a characteristic asymmetric peak shape of
the principal carbon-carbon chemical state observed due to
semi-metal effects from electrons in the conduction band
(Fig. S4).**** In addition the N 1s spectra contained two
signals attributed to nitrogen in a graphitic and pyridinic
chemical state, common of conductive nitrogen doped
nanomaterials. The other core-level XPS spectra are presented
in Fig. S5.

To evaluate whether the underlying gold nanorod surface
was electrochemically accessible, and therefore available for
sensing, cyclic voltammetry of the nanozymes in phosphate
buffer at pH 7.4 was performed. The cyclic voltammogram
shown in Fig. 1d demonstrated the characteristic peaks
associated with gold oxidation around 1 V vs. Ag|AgCl (all
potentials reported are vs. Ag|AgCl) in the anodic scan and
the proceeding reduction of gold oxide to metallic gold in the
cathodic scan around 0.4 V.** These set of tests confirmed the
desired conducting substrate channel architecture was
made.

We start first with showing the selective detection of
dopamine from Scheme 1 that should simply involve the
repelling of fouling proteins and the oxidation of dopamine
without a need to change the pH in the substrate channels.
Fig. 2a depicts five representative two-step chronoampero-
metric potential pulses. From left to right, an initial reductive
potential of —0.7 V was applied for 0.2 s to expel chloride and
fouling proteins. After this a potential of 0.3 V was applied for
0.2 s to perform the electrooxidation of dopamine. The last
point of each anodic chronoamperogram was then summed
to generate a single measurement, with the concentration of
dopamine versus summed current shown in Fig. 2b and c.
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Fig. 2 (a) The last five of 90 two-step chronoamperometric pulses

with the red arrow highlighting the point at which analytical signal is
recorded, (b) chronoamperogram of the end of the last oxidation pulse
during the application of 90 two-step potential pulses of —0.7 V for
0.2sand 0.3V for 0.2 s. The current at the end of each oxidation pulse
was collected for measurements done at different dopamine
concentrations (the arrow shows the increase in current with
increasing concentration) and summed up to produce the plot in (c).
Performed in phosphate-buffered saline (pH 7.4, 0.00147 mol per L
KH,PO4, 0.0081 mol per L Na,HPO4, 0.00268 mol per L KCL, 0.137 mol
per L NaCl) + human serum albumin (HSA — 35 mg mL™Y).

The nanozyme with confining substrate channels was four
times more active than the bare nanoparticle (Fig. S6). A
useful aspect of using the summation of many consecutive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Calibration curves of the current response pulsing from —0.7 to 0.3 V vs. Ag|AgCl during the initial addition of glucose and the

subsequent addition of dopamine showing no current response to glucose and a linear relationship between dopamine concentration and
recorded current; (b) calibration curves of the current response pulsing from —0.7 to 0.3 V vs. Ag|AgCl during the initial addition of dopamine and
the subsequent addition of glucose showing first a linear relationship between dopamine concentration and recorded current then secondly
a nonlinear current response to glucose. Each reading is the sum of the current at the end of the anodic pulse of 90 two-step potential pulses;
reduction pulse: —0.7 V for 0.2 s and oxidation pulse: 0.3V for 0.2 s. Performed in phosphate-buffered saline (pH 7.4, 0.00147 mol per L KH,POy4,
0.0081 mol per L Na;HPO,, 0.00268 mol per L KCl, 0.137 mol per L NaCl) + human serum albumin (HSA — 35 mg mL™?).

measurements to obtain a single data point is that the
sensitivity of the sensor can be tuned by simply increasing
the number of two-step potential pulses applied. Hence, for
the detection of dopamine in the micromolar concentration
range the summation of 90 pulses was used to give a linear
response in concentration range between 10 and 60 pM
(Fig. 2¢). However, to achieve lower limits of detection such
as those in the nanomolar concentration range, increasing
this to 200 pulses facilitated a linear response (Fig. S7c). In
turn, a good linear response was found in the presence of
fouling proteins from a concentration range of 10 nM to 60
uM (Fig. S7). The reproducibility of the analytical response of
the artificial enzymes between different synthesised batches
of nanoparticles was also shown to be highly consistent
(Fig. S8).

We next show how the selective detection of glucose was
achieved which required the same repulsion of fouling
proteins as was the case for dopamine alongside the facilita-
tion of an alkaline environment, generated from the reduc-
tion of water. The glucose detection method used was the
same as previously published.'” Briefly, a reductive potential
of —1.85 Vwas applied to the artificial enzymes which reduced
water into hydrogen gas and hydroxide ions which increased

© 2025 The Author(s). Published by the Royal Society of Chemistry

the local pH inside the nanoconfined carbon channels,
shifting the potential for glucose oxidation more negative.
This also, as with the dopamine detection potentials, expelled
chloride and negatively charged proteins. After 0.2 s an
oxidative pulse of —0.25 V oxidised the glucose within the
channels to gluconolactone on the underlying gold surface
(Fig. S9). The synthesised artificial enzymes also exhibited
good batch to batch repeatability in analytical response for
glucose (Fig. S10). It is important to note that the pulsing
profile for the detection of dopamine was designed to not
detect glucose at physiological pH as glucose oxidation occurs
with low activity around 0.4 V vs. Ag|AgCL.>*°

Next the simultaneous detection of both dopamine and
glucose was attempted. This can be seen in Fig. 3, which shows
the presence of glucose did not negatively impact the detection
of dopamine. Only a slight decrease in current due to the
addition of dopamine was observed during pulses of —1.85 to
—0.25 V used for the detection of glucose (Fig. S11). TEM
analysis of the nanoparticles after sensing showed no change in
the particle morphology after the application of both sets of two
electrochemical potentials (Fig. S12).

Next, to evaluate whether the sensor could detect the two
analytes one after another, collecting a measurement for
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Fig. 4 (a) schematic diagram of the experimental procedure for the
confirmation of dual detection of glucose and dopamine, (b) current
response for the alternating detection of dopamine pulsing from —0.7
to 0.3V vs. Ag|AgCl during which 120 pmol Ltis added in 10-20 umol
L~* additions (blue dots) and current response for the detection of
glucose pulsing from —1.85 to —0.25 V during which 11 mmol L™t is
added overall in 2—3 mmol L™t additions (red dots), filled dots corre-
spond to the initial measurement at a certain analyte concentration
and the open dots correspond to a second measurement at the same
concentration of the target analyte but a different concentration of the
secondary analyte. Performed in phosphate-buffered saline (pH 7.4,
0.00147 mol per L KH,PO,4, 0.0081 mol per L Na,HPO,4, 0.00268 mol
per L KCl, 0.137 mol per L NaCl) + human serum albumin (HSA — 35 mg
mL™).
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a concentration of one analyte and immediately switching to
detecting the other analyte was performed. As shown in Fig. 4,
the analytical current increased linearly for dopamine with
dopamine concentration from 10 to 120 uM and glucose for
glucose concentration from 2 to 12 mM. When measuring
glucose, the addition of 20 pM of dopamine did not signifi-
cantly change the measured glucose current (shown by the
filled (before) and after (hollow) addition of dopamine shown
on the red glucose calibration curve). Similarly, when
measuring dopamine, addition of glucose did not significantly
alter the dopamine current (shown by the filled (before) and
after (hollow) addition of glucose on the blue dopamine cali-
bration curve). This demonstrates that the presence of each
analyte did not significantly affect the detection of the other
analyte. The real time readout of alternating additions is
presented as a plot of current versus time in Fig. S13. The
ability of the sensor to switch quickly between measurements
of each analyte accurately is a desirable quality especially in an
application such as continuous monitoring where a real-time
readout of the concentration of both analytes can be
performed.

The result in phosphate buffered saline containing human
serum albumin in Fig. 4 demonstrates that the two electro-
chemical pulsing protocols allow for the selective detection of
each analyte in the same solution, simultaneously. The next
question was does this capability extend to a realistic clinical
biological fluid such as blood? To answer this a calibration
curve was generated for both glucose and dopamine in whole
blood (a linear relationship between current and dopamine
concentration was observed between 10 and 120 uM as shown
in Fig. S14). Then a different blood sample was spiked with
a concentration of glucose and dopamine within the cali-
brated range. Then sequential detection of glucose then
dopamine on the artificial enzyme electrode was performed.
Fig. 5 shows the calibration curves as well as a comparison to
the true value (based on a commercial glucose monitor
reading in the case of glucose and the concentration of added
dopamine).

The nanozymes were able to successfully estimate the
concentration of both glucose and dopamine to an acceptable
clinical accuracy. The glucose concentration in the spiked
unknown blood sample was measured with a commercial
glucose sensor to be 5.8 = 0.2 mM. However, the artificial
enzyme estimated the glucose concentration to be 7.8 £
0.2 mM (95% confidence interval). This difference would,
however, not translate into inappropriate treatment, sitting in
region B of a Clarke error analysis which takes into account the
absolute value of each measurement, the relative difference
and the clinical significance of this difference.’**” The
concentration of dopamine added to the spiked blood sample
was 40 uM. The estimated value for the dopamine concentra-
tion obtained with the nanozyme was 35.5 £ 0.1 pM (95%
confidence interval) an 11% error from the true value.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Glucose detection in whole blood, showing a linear correlation between current and glucose concentration up to 20 mmol L™ (red
points), the current recorded for the spiked test solution (green point), (b) a comparison of the measured glucose concentration with
a commercial glucose meter (green) and artificial enzyme, (c) dopamine detection in whole blood, showing a linear correlation between current
and dopamine concentration up to 100 pmol L2 (blue points), the current recorded for the spiked test solution (purple point), (d) a comparison of
the added concentration of dopamine (purple) and the concentration measured on the artificial enzyme. Glucose detection performed with
potential pulsing conditions: —1.85V for 0.2 sand —0.25 V for 0.3 s, and dopamine detection performed with potential pulsing conditions: —0.7 V
for 0.2 s and 0.3 V for 0.2 s. All potentials are reported against the Ag|AgCI|NaCl 3 mol L™ reference electrode.

Conclusions

In conclusion, the successful detection of both glucose and
dopamine at the same time and in the same solution was per-
formed in complex biological media. This was facilitated by the
implementation of enzyme inspired substrate channels which
create a different solution environment around an embedded
active site. The control of the solution environment was ach-
ieved through the application of electrochemical potentials to
the nanoscale interface which expelled chloride and proteins
from the surface allowing for a high hindrance to biofouling.
The implications of the finding of this work, are much
greater than simply the capability of the detection of both
glucose and dopamine with the same electrode in whole blood.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Previously this two-step pulsing technique, to create a unique
solution environment was resigned to generating alkalinity with
a highly reductive pulse, which also expelled chloride and
proteins. However, there are many analytes that on a variety of
materials are electroactive at physiological pH. The findings of
this study, which show a potential of far lower magnitude also
facilitates anti-biofouling properties, demonstrating that the
approach could be utilised on any electroactive material/analyte
pair to improve analytical performance. With the further design
of the interface, it may even be possible to detect more than two
analytes using more advanced signal analysis or the imple-
mentation of multiple distinct active sites under the confining
substrate channels. In addition, it may now be more feasible for
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this approach to be utilised to achieve enzyme like selectivity in
other electroanalytical applications outside of the body.
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