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The move towards personalized precision medicine, requires monitoring of drug therapies as well as progression
makers. Indeed, the monitoring of drug therapies is essential for the continuing evolution of precision medicine
in conjunction with drug development and targeted treatment strategies. This study presents the feasibility of
electrochemiluminescence (ECL) for the detection of donepezil hydrochloride (DZ) as a proof-of-concept for
point-of-care applications within human pooled serum and artificial urine. ECL has the potential to be an easily
understood point-of-care sensor increasing its potential for translation as the intensity of the emitted light is
proportional to the target analyte concentration. This proof-of-concept demonstrated its ability to detect DZ over
the clinically relevant concentration range of 0.5 to 1000 pM, and was effective at detecting 0.5, 1, 1.5 and 7.5
uM spiked into human pooled serum and artificial urine. While more development is still needed, this highlights
the applicability of electrochemical sensors, including ECL based sensors, for point-of-care devices with the

reduction of sample preparations improving its feasibility for clinical and point-of-care applications.

1. Introduction

Alzheimer’s disease (AD) affects approximately 57 million in-
dividuals globally, with ~10 million new diagnosis annually, making it
the most common form of dementia. The World Health Organisation
(WHO) has estimated that this number could reach 153 million by 2050,
recognising it as a public health priority, as it can seriously impact on
individuals due to progressive cognitive decline and loss of indepen-
dence [1]. Treatment of AD commonly combines pharmacological and
non-pharmacological interventions [2]. While there has been a consid-
erable research effort and investment into AD drug development [3,4],
the primary approved drug treatments for AD are cholinesterase in-
hibitors and N-methyl-p-aspartate (NMDA) receptor antagonists. These
include, donepezil, memantine, rivastigmine and galantamine. Done-
pezil hydrochloride (DZ), 2-[(1-benzylpiperidin-4-yl)methyl]-5,6-dime-
thoxy-2,3-dihydroinden-1 one; hydrochloride), see Fig. 1, is a selective
and reversible acetylcholinesterase inhibitor and therapeutically indi-
cated for treatment of all stages of AD to manage symptoms and slow
disease progression [5]. As a reversible acetylcholinesterase inhibitor, it
enhances cholinergic transmission by preventing the breakdown of
acetylcholine, thereby improving cognitive function in affected in-
dividuals [6-8]. Despite its therapeutic benefits, ensuring consistent
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adherence to donepezil remains a significant challenge, particularly
among dementia patients who may struggle with medication manage-
ment due to cognitive impairments. Ensuring consistent medication
adherence in dementia patients is a significant challenge, with studies
reporting 40-60 % of patients demonstrating poor medication adher-
ence, as cognitive impairments often lead to missed doses, adversely
affecting treatment efficacy [9,10]. Caregivers often rely on indirect
methods such as pill counts, prescription refills, or self-reported intake,
to monitor adherence, all of which are prone to inaccuracies. Although
technological interventions, including telehealth and reminder systems,
have been explored to enhance adherence, with telehealth home video
monitoring showing promise in improving medication adherence among
patients with mild dementia, the implementation of such systems
require substantial resources and may not provide real-time confirma-
tion of medication intake [9]. Consequently, there is a growing need for
objective, reliable, non-invasive and remote tools to assess medication
adherence in real time.

Current techniques for monitoring drug intake, such as blood or
urine testing, are often invasive, costly, or require specialised laboratory
equipment. These methods however typically require extensive sample
preparation, and many are not readily adaptable for point-of-care or
home monitoring applications. Electrochemical detection methods are
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Fig. 1. Structure of donepezil.

often considered as a viable solution to address such limitations. [11,12]
Electrochemical detection systems boast advantages of portability,
miniaturisation and lower manufacture and operational cost. As such, it
is no surprise they have been investigated as detection strategies for
monitoring medication adherence. For DZ, studies utilising voltametric
techniques have demonstrated the potential for sensitive detection of
the drug in human serum [13,14] plasma [13,15,16], urine [8,13] and
pharmaceutical tablets [15,17]. While existing electrochemical strate-
gies for DZ detection offer low limits of detection and clinically relevant
sensitivity, they may face challenges in operational complexity, back-
ground interference, and susceptibility to electrode fouling. In contrast,
electrochemiluminescence (ECL), a branch of electroanalytical methods,
offers distinct advantages that make it particularly attractive for real-
world adherence monitoring solutions. ECL’s intrinsically low back-
ground noise, and compatibility with portable, miniaturised devices
presents a compelling case for its use in point-of-care and at-home set-
tings. These attributes are critical for developing patient-friendly sys-
tems to monitor DZ intake, especially in dementia care where simplicity
and reliability are paramount. As ECL only generates light during spe-
cific electrochemical reactions at the electrode surface, its interpretation
is thus intrinsically simplistic to understand, and this makes it particu-
larly appealing for use where operational and interpretation simplicity
are critical. This makes it particularly attractive for point-of-use,
portable biosensing [18,19]. What’s more many of the current electro-
chemical strategies for DZ monitoring employ electrode modification
strategies with enhancement materials such as p-cyclodextrin [16],
cobalt-nanoparticles [14], and CuO-TiO2 nanostructures [8] require,
while these all offer superb sensitivity, these improvements come at the
cost of increasingly complex electrode manufacturer or modification
procedures with material synthesis and characterisation a key compo-
nent of senor operational reliability and stability. Whilst these are suited
for academic research environments, translation of such methodologies
to at-home devices will be limited by these factors. In contract ECL, can
be performed either via the incorporation of the luminophore complex
within a thin polymer film and directly drop cast to an electrode surface
[20-23] or added to the sample solution of interest instead requiring no
electrode surface modification [24-26]. Both strategies are historically
well documented and offer a simple modification strategy more appro-
priate for translation to point-of-care devices [27].

In this study, we present the development and validation of a novel
ECL-based method for detecting DZ. We evaluate its analytical perfor-
mance, including calibration range, precision, and selectivity in the
presence of commonly co-prescribed medications, including those pre-
scribed for AD. Furthermore, we discuss the potential application of this
method as a tool for monitoring medication adherence in dementia
patients, aiming to address the critical need for reliable and efficient
adherence assessment in this vulnerable population.

2. Materials and methods
2.1. Materials

Donepezil, paracetamol, acebutolol hydrochloride, atenolol,
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warfarin, tris (2,2 -bipyridyl) - (dichlororuthenium (II) hexahydrate
([Ru(bpy)3]2+), phosphate buffered saline (PBS) tablets, along with all
the constituents for artificial urine, outlined previously [11,12], and
human pooled serum were purchased from Sigma Aldrich. Tri-sodium
citrate dihydrate, creatinine, ammonium chloride, potassium oxalate
monohydrate and sodium sulfate were purchased from Thermo Fisher
Scientific. Sodium chloride was purchased from VWR. Urea was pur-
chased from GE Healthcare Life Sciences. Artificial saliva (Bioténe® oral
balance gel) was commercially purchased and used as received. All
chemicals were used as received and all solutions prepared in Milli-Q
water (18 MQ crn’l).

2.2. Instrumentation

All electrochemical measurements were performed utilising the
PalmSens 4 potentiostat, controlled by the PSTrace software. Electro-
chemiluminenscence (ECL) and photoluminescence measurements were
performed utilising a combination of a PalmSens 4 potentiostat con-
nected to Hamamatsu H10723-20 photomultiplier tube (PMT), housed
within a light tight Faraday cage [21,23]. Photoluminescence mea-
surements were performed via a specially designed sensor holder which
positioned the PMT directly above the working electrode surface. Elec-
trochemical measurements were performed using a 3 mm diameter GC
working electrode, Pt wire counter electrode and Ag wire reference
electrode. Cyclic voltammetry (CV) and ECL were monitored over the
potential range 0 < E < 1.5 V at a scan rate of 100 mVs_l, unless
otherwise stated. The measurements were all undertaken at room
temperature.

2.3. Electrochemiluminescent detection of donepezil

2 mM [Ru(bpy)g]er in 0.1 M PBS were prepared and mixed in a 1:1
ratio with analyte samples to ensure that the final [Ru(bpy)g]2+ was 1
mM. DZ samples were prepared in 0.1 M PBS to obtain varying final
concentration ranges (7.5 pM — 1.0 mM) after mixing with the ruthe-
nium stock. 2 mM samples of paracetamol, acebutolol hydrochloride,
atenolol, and warfarin were all prepared in 0.1 M PBS and mixed with 2
mM [Ru(bpy)3]2+ containing 2 mM DZ. When not in use all samples
were stored at 2-8 °C. For pH adjustments 1 M NaOH or HCL were used
as required.

2.4. Preparation of artificial urine samples

Artificial urine, sigmatrix urine diluent, was purchased from Sigma
Aldrich and used as received. For spike sample analysis, DZ was pre-
pared within the artificial urine matrix and diluted in a 1:1 ratio with 2
mM [Ru(bpy)g]2+ in 0.1 M PBS to produce the desired concentrations of
DZ and a final [Ru(bpy)g]2+ concentration of 1 mM.

3. Results and discussion
3.1. Electrochemical and Electrochemiluminescent characterisation

The one electron reversible electrochemical behaviour of [Ru
(bpy)3]?* has been well established along with its potential to produce
an ECL response with mediated oxidation with a co-reactant. Fig. 2
shows the electrochemical and ECL response of 1 mM [Ru(bpy)g]2+ in
0.1 M PBS and the response when DZ acts as a co-reactant for the ECL
process.

DZ has been documented to undergo a single irreversible electro-
chemical oxidation [13]. Here we observe this occurring at approxi-
mately 1.2 V vs Ag upon bare carbon-paste working electrodes, slight
differences in the oxidation potential are likely due to the different
reference electrodes utilised. The electro-oxidation mechanism is pri-
marily attributed to the tertiary amine group present in the piperidine
moiety of the DZ molecule. At the applied potential, oxidation occurs at
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Fig. 2. (a) Typical CV of 1 mM [Ru(bpy)g]2+ in 0.1 M PBS (blue) and 1 mM [Ru(bpy)3]24r with 1 mM DZ in 0.1 M PBS (red) and 1 mM DZ in 0.1 M PBS (green)
scanned over the potential range 0 < E vs Ag < 1.4 V at a scan rate of 100 mVs ™! and (b) the corresponding ECL response for this data. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

the nitrogen atom, resulting in the formation of a nitrogen-centred
radical cation, which rapidly undergoes further chemical steps, likely
deprotonation and rearrangement to form a stable oxidation product
[8,13,28].
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While the electrochemical detection of DZ has a been widely re-
ported, its suitability as a co-reactant for ECL has not been previously
investigated. To explore this, the traditional [Ru(bpy)s]*>* luminophore
was employed. In the presence of the [Ru(bpy)3]2+, DZ was found to act
as an effective co-reactant, producing a strong anodic ECL signal that
coincides with its electrooxidation potential at ~1.2 V vs Ag, see Fig. 2b.
The rationale for the shift in the first anodic peak when both DZ and [Ru
(bpy)s]?* are present is unclear but consistently observed. ECL gener-
ation is proposed to follow the well-established amine anodic co-
reactant pathway, outlined in eqgs. 1 to 7, where initial oxidation of
the tertiary amine moiety in DZ produces a radical cation. This unstable
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Scheme 1. Potential oxidation routes for DZ adapted from ref. 28 (A), (B) 13, and 14 and (C) 13, and 14.
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intermediate rapidly deprotonates to form a strongly reducing species,
which in turn reduces the electrochemically generated [Ru(bpy)s]>* to
its excited state [Ru(bpy)s]®**. The excited luminophore subsequently
emits light as it relaxes to the ground state. As with several amine re-
action ECL mechanisms, the generation of ECL can occur from a con-
ventional heterogeneous ECL pathway (egs. 2,3 followed by 6 & 7) and/
or from an enhanced “redox mediated” pathway (egs. 4-7).

The exact mechanism for the formation of the DZ radical cation could
proceed following two reported routes in literature [13,14,28] and the
subsequent generation of an ECL response from the interaction with [Ru
(bpy)s]®t is unclear and would require further study. The potential
oxidation routes from literature are shown in Scheme 1. DZ is directly
oxidisable at the electrode surface, as confirmed by the voltametric
response in the presence of [Ru(bpy)3]2+ (Fig. 2a with an anodic peak at
~0.9 V), the introduction of [Ru(bpy)g,]2+ to the system (Fig. 2a, red
trace) results in an increase in anodic current centred around 1.1 V. This
might suggest a catalytic ECL mechanism, where the [Ru(bpy)s]®*,
generated at the electrode promotes oxidation of secondary oxidation of
DZ. While previous studies of DZ oxidation have shown that the primary
oxidation can be attributed to the oxidation of the nitrogen atom on the
piperidinyl-moiety in DZ.HCL, there is a secondary oxidation at ~1.4 V
which can be assigned to the oxidation of alkoxybenzene [14,17,28].
This could suggest that the ECL generation could proceed from either a
reaction directly with the oxidised DZ or mediate the secondary oxida-
tion whose direct oxidation at the electrode surface is less kinetically
favourable or indeed through a combination of both. This means that the
radical generation reacting with [Ru(bpy)s]>" could be at either the
piperidinyl nitrogen (leading to the formation of a N-oxide) or on the
alkoxylbenzene.

Following the ECL process, it is hypothesised that the DZ radical is
expected to undergo further re-arrangement and chemical trans-
formation, most like forming an iminium ion intermediate, which may
then hydrolyse to produce either a secondary amine or alcohol deriva-
tive, depending upon the solution environment. These observations
align with literature-reported mechanisms for other tertiary amine-
containing co-reactants, confirming DZ’s suitability as an ECL co-
reactant under oxidative conditions. However, further mechanistic
investigation is needed to determine the exact nature or dual nature of
the ECL generation.

3.2. Analytical parameters

To elucidate the sensor’s performance, the analytical parameters for
this ECL based sensor were evaluated in 0.1 M PBS at pH ~7.4, in line
with physiological pH. While the pH can have a dramatic impact on the
intensity of the ECL response [11,12,21], this was not undertaken within
this study as the main outcome was to examine its performance in bio-
logical matrices close to the physiological pH of 7.

The ECL intensity showed a linear dependence on concentration over
the concentration range 7.5 pM < [DZ] < 1.0 mM, as shown in Fig. 3
with a linear coefficient of 0.9993. The limit of detection (LOD) was
calculated for each SCat using the formula [average ECL of blank
+3.3SD (blank)] [11,12] and estimated to be 0.018 pM for DZ. The
relative standard deviation over 6 electrodes for 0.5 mM for intra-day
and inter-day was calculated to be 4 % and 10 % respectively (See
supplementary Fig. S1 and S2), indicating the reproducibility of this
approach. This is a proof-of-concept, and previous studies has shown
that moving from solution phase ECL to surface confined ECL, [29,30]
can result in an increase in sensitivities of up to one order of magnitude.
While unavailable at the time to assess this within this study, it does
suggest that by moving to a surface confined ECL process, this could aid
in both the portability and utility of the approach but also at signifi-
cantly improving the LOD.

The linear range and analytical parameters observed within this
study compare well to previous techniques used to detect DZ (see
Table 1). However, this current approach has a number of advantages
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Fig. 3. Typical ECL response for increasing [DZ] in 0.1 M PBS (0.5 to 1000 pM)
containing 1 mM [Ru(bpy)s] [2] scanned over the potential range 0 < E vs Ag
< 2.0 V at a scan rate of 100 mVs~'. PMT was biased at 650 V. Inset shows the
trend of maximum ECL signal against [DZ]. (Error bars represent standard
deviation obtained from triplicate results).

Table 1
A comparison of the analytical parameters of analytical methods for the detec-
tion of DZ.

Method Electrode type LOD/ Linear Ref
M range/uM
Amperometry  CuO-TiO,/GCE 0.063 1-924 [8]
DPV GCE 0.29 1-100 [13]
cv poly (SBT)/N-CNDs/CoNPs 0.0005 2-400 [14]
-cycl i b
DPV p-cyclodextrin/carbon . 0.0085 0-550 [16]
nanotube nanocomposite
Swv CPE 0.0204 0.08-10 [17]
Ccv Au - 0.07-172 [28]
DPV Cobalt ferrite nanoparticles - 5-20 [31]
ECL GCE 0.02 0.5-1000 This
work

over these alternative approaches. This approach covers the relevant
clinical range, is sensitive and versatile. In addition, there is the po-
tential for it to be translated to a point-of-care sensor using SPCE and
surface confined ECL which would also be easily scalable and the ECL
with a colour response is quite easy for a non-expert to interpret, again
lending itself well to point-of-care applications making it ideally suited
for translation into real-world applications.

3.3. Interferents

To evaluate the selectivity of the developed ECL sensing platform for
DZ, potential interference from other commonly prescribed medications
was assessed. Four drugs, atenolol, memantine, warfarin, and paracet-
amol, were selected based on their clinical relevance and likelihood of
co-administration with DZ. Each compound was tested for its ability to
generate a ECL signal at a concentration of 1 mM, both individually and
in combination with DZ under the same experimental conditions. No
measurable ECL signal was observed from any of the interferents, either
in isolation or when mixed with DZ, see Fig. 4, indicating that none of
the compounds can participate in the co-reactant pathway with [Ru
(bpy)3]2+ under these conditions. This lack of response is consistent with
the known electrochemical behaviour of the selected drugs. Atenolol,
while electroactive, typically exhibits oxidation only under alkaline
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Fig. 4. Typical ECL responses produced for selected drug interferents (a) memantine, (b) atenolol, (c) warfarin and (d) paracetamol where each drug is present at a
concentration of 1 mM in 0.1 M PBS with 1 mM [Ru(bpy)3]2+, scanned over the potential range 0 < E vs Ag < 1.43 V at a scan rate of 100 mVs~! and a PMT bias of

0.6 V.

conditions near its pKa value of 9.67. At physiological pH, especially on
bare carbon electrodes, it is unlikely to undergo sufficient oxidation to
generate an ECL response [32].

Memantine is s generally considered electrochemically inactive, with
prior detection methods relying on indirect strategies such as molecu-
larly imprinted polymers [33]. Warfarin, similar to atenolol displays
redox activity only under acidic conditions, close to its pKa of 5.87. At
pH 7.4, it is not expected to oxidise significantly and thus does not
produce an ECL signal. [34,35] Although paracetamol is electrochemi-
cally active at pH 7.4, its oxidation typically occurs at much lower po-
tentials (~0.4 V vs Ag) than those used here [36]. Under the applied
conditions, it is not observed to generate a detectable ECL signal, sug-
gesting it does not act as a suitable co-reactant for [Ru(bpy)g,]2+ [23].

These findings confirm that the ECL signal observed is highly selec-
tive for DZ, with no measurable interference from structurally unrelated
but clinically relevant compounds. The absence of false-positive re-
sponses supports the robustness of this detection approach, and high-
lights its potential for translation to analyses within clinically relevant
matrices.

It should be noted that other amino acids, including ascorbic acid
[37], compounds such as oxalate [38] and some illicit substances can
also react with [Ru(bpy)g,]zJr to produce an ECL response. [39-41] This
highlights the need for a wider study incorporating a more diverse set of
clinical samples likely to contain numerous natural and other pharma-
ceutical compounds which may cause interferences. Some of this is
explored in the analysis of human pooled serum and artificial urine, but
a larger sample set, beyond this proof-of-concept, would be needed to
illustrate feasibility of this approach.

Slight changes in the maximum ECL potential value are observed
upon addition of the different pharmaceutical interferents. This is ex-
pected, due in part to small variations in localised pH at the electrode
surface upon addition of these compounds, as has been observed pre-
viously [12,18,21,22], although these variations do fall within the error
accepted for this technology. This small shift can also account for small

discrepancies in the onset of the ECL emission and the occasional
observation of a negative baseline as observed in Fig. 4.

3.4. Detection within human pooled serum

To evaluate the potential applicability of the developed ECL sensing
system within a clinically relevant context a proof-of-concept study was
undertaken, targeting the detection of DZ within a biological matrix of
artificial urine and human pooled serum. Previous studies demonstrated
the feasibility of detecting DZ electrochemically in urine, with satis-
factory recovery and performance metrics in the micromolar range [8].

As previously observed, ECL responses from neat human pooled
serum presented two issues [23], a high background signal likely due to
amino acids and proteins in human serum [22], and high viscosities
which resulted in poor electron movement [12,22,23]. Therefore, to
observe the optimal ECL response, a dilution step was applied as pre-
viously described [23]. The serum was therefore diluted in a 1:3 ratio
0.1 M PBS and the responses obtained are shown in Fig. 5. The back-
ground response intrinsic to human pooled serum is shown in Fig. 5, and
it should be noted that not considering this background response would
increase the potential of a false or increased determination of the [DZ].
However, with appropriate steps this can be limited and it is clear from
Fig. 5, that this approach shows a high potential for the detection and
monitoring of DZ within serum samples.

The % recovery rates achieved for this are quite high, once the
background response from the human pooled serum is considered as
evident in Table 2. Again, highlighting the potential of this approach for
use in biological matrices. For point-of-care analysis, detection in whole
blood would be required and utilising a ruthenium based ECL lumino-
phore would fail to meet the requirements for a point-of-care sensor
since ruthenium emits at ~620 nm and given the limited penetration of
visible light through whole blood, this would prevent the detection of an
ECL response [18,42]. This can be easily overcome by changing the ECL
luminophore to one which emits outside the transmission window of
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Fig. 5. ECL of human pooled serum (black), and 0.5 pM DZ (red), 1 pM DZ
(blue), 1.5 pM DZ (green) and 7.5 pM DZ (purple) spiked into human pooled
serum after a 1:3 dilution (v/v) with 0.1 M PBS scanned over the potential range
0 <E < 1.5V vs Ag wire at a scan rate of 100 mVs ™. PMT was biased at 0.6 V.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Summary of quantitative analysis of ECL methodology for DZ spiked within
human pooled serum. Recoveries were calculated from matrix matched samples.

[DZ] Average recovery (%)
(HM) Human pooled serum without
blank subtraction

Average recovery (%) RSD
Human pooled serum with (%)
blank subtraction

0.5 345 95 10

1 146 98 8

5 213 100 7

7.5 120 100 5
whole blood.

3.5. Detection within artificial urine

Urinary concentrations of DZ typically range from 1 to 12 pM
following a therapeutic dose. As such, DZ was spiked into artificial urine
at concentrations of 0.5, 1, 5 and 7.5 pM, selected to both align with the
reported physiological range and remain within the quantifiable limits
of the current ECL platform. The artificial matrix was used neat
[11,12,23], with no dilution or pre-treatment, and combined directly
with the [Ru(bpy)s]?>" luminophore solution prior to ECL analysis. The
neat artificial urine did give a negligible signal, attributed to the small
amount of urea, creatinine, and oxalate present [12,23]. This additional
content can also cause small variations in localised pH which can in-
fluence the ECL response, both the onset of ECL emission and the ECL
maximum potential. Within Fig. 6, this has been observed as an earlier
onset of the ECL emission compared to that observed in Fig. 3 consistent
with previous studies of ECL in artificial urine [11,12,23]. Fig. 6 shows
the obtained ECL signals for each DZ concentration in artificial urine,
showing distinct, concentration-dependent signal profiles, in the same
potential region as observed within electrolyte.

To assess quantitative performance, recoveries were calculated by
comparing peak intensities in artificial urine to those in electrolyte at
equivalent DZ concentrations, see Table 3. Recovery rates ranged from
90 % to 121 %, with relative standard deviations of 11 % at 0.5 pM, 9 %
at1 pM, 8 % at 1.5 pM and 7 % at 7.5 pM. These results indicate good
precision at higher concentrations, though greater variability was
observed near the lower end of the detection range. Urine contains a
complex mixture of buffering agents, urea, creatinine, phosphates, and
electrolytes which could alter the ionic strength, conductivity and
microenvironment at the electrode surface. These factors may enhance
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Fig. 6. ECL of artificial urine (black), and 0.5 pM DZ (red), 1 uM DZ (blue), 1.5
pM DZ (green) and 7.5 pM DZ (purple) spiked into artificial urine scanned over
the potential range 0 < E < 1.5 V vs Ag wire at a scan rate of 100 mVs . PMT
was biased at 0.6 V. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 3
Summary of quantitative analysis of ECL methodology for DZ spiked within
artificial urine.

[DZ] (pM) Average recovery (%) RSD (%)
0.5 90 11

1 99 9

5 121 8

7.5 90 7

or alter the oxidation efficiency of DZ, possibly stabilising the radical
intermediate, or improving/reducing electron transfer kinetics with [Ru
(bpy)s]®". These highlights the need to carefully account for matrix
effects when translating ECL methodologies to real-world applications,
as complex biological matrices can introduce behaviours not observed in
idealised electrolyte systems. Understanding and managing these effects
will be critical to ensuring reliable performance in clinically relevant
environments.

While these findings support the suitability of artificial urine as a
matrix for ECL-based detection of DZ, they also underscore the impor-
tance of accounting for matrix-induced effects during method develop-
ment. For future quantitative applications, particularly in real biological
samples, calibration strategies using matrix-matched standards or in-
ternal referencing are recommended to ensure accurate and reproduc-
ible performance.

4. Concluding remarks

In summary, this contribution showcases the successful application
of ECL for the monitoring of DZ in human pooled serum and artificial
urine. This represents a clear step towards viable point-of-care appli-
cations and addressing gaps in current approaches for achieving
personalized precision medicine. There are still some hurdles to address,
namely the use of an alternative ECL luminophore if the sensor was to be
efficient in the detection of DZ in blood and a large-scale analysis of real
samples. Interferences were observed for human pooled serum, but these
could be accounted for, while no significant interferences were observed
for the analysis in artificial urine at clinically relevant [DZ]. A note-
worthy advantage for ECL within point-of-care applications as illus-
trated here was that the ECL response was achieved with minimal
sample preparation. A simple dilution was all that was required for the
human pooled samples. This demonstrates a strong potential for the use
of ECL monitoring of DZ. Further analysis is still required to facilitate the
transition of this approach into the clinical arena, including the analysis
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of clinical samples and other commonly consumed substances and/or
over the counter pharmaceutical substances. A major aspect for the
further development for detection in blood would be the assessment of a
suitable ECL luminophore which emits outside the transmission window
of blood. Nonetheless, the approach described here shows a decidedly
promising route for developing electrochemical sensors that could serve
as point-of-care devices, marking a significant progression towards the
goal of personalized precision medicine.
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