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Abstract

We report an electrochemical sensor for the detection of lithium ions (Li*) in authentic human saliva at
lithium manganese oxide (LiMn,0,)-modified glassy carbon electrodes (LMO-GCEs) and screen-
printed electrodes (LMO-SPEs). The sensing strategy is based on an initial galvanostatic delithiation of
LMO followed by linear stripping voltammetry (LSV) to detect the re-insertion Li* in the analyte. The
process was investigated using powder X-ray diffraction (PXRD) and voltammetry. LSV measurements
reveal a measurable lower limit of 50.0 uM in both LiClO, aqueous solutions and synthetic saliva
samples, demonstrating the applicability of the proposed analytical method down to low Li*
concentrations. Four different samples of authentic human saliva were then analysed with the
established sensing strategy using LMO-SPEs, showing good linearity over a concentration range up to
5.0 mM Li* with high reproducibility (RSD <7%) and applicability for routine monitoring purposes.

The total time needed to analyse a sample is less than three minutes.

Keywords: authentic human saliva, LiMn,0, lithium, galvanostatic delithiation, linear sweep

voltammetry, screen-printed electrode
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Bipolar disorder (BD), also known as manic-depressive illness, is a recurrent mood disorder
that causes unusual changes in affect, energy and activity levels from one extreme to another.!?
According to the National Health Service (NHS) of the United Kingdom, lithium salts (normally
administered as lithium carbonate) are a first-line treatment and officially approved for the
management of BD.3 Lithium is also included on the 20" World Health Organization (WHO) Essential
Medicines List (EML) as one of the most effective and safe medicine needed to treat BD.* During
treatment, it is necessary to monitor the level of lithium (Li*) since the therapeutic range (0.5-0.8 mM
in blood) is close to the levels associated with severe intoxication at =1.5 mM. Li* is lethal at
concentrations of 2.0-2.5 mM.>%7 The monitoring of the Li* level is clearly an important aspect of the
treatment of BD, as toxicity and dose-related adverse effects can be avoided by dose adjustment or
change in the dosage schedule. It is therefore currently necessary for clinicians to monitor their
patient’s levels of Li* regularly with repeated blood tests.

Monitoring of Li* ion levels in patients can also be achieved in saliva because it is correlated
with the content in blood. Specifically, Li* ion level in saliva has been reported to be two/three times
higher than in blood.>® Moreover, saliva is a preferable and more practical matrix for monitoring of Li*
ion levels because its collection is less stressful compared to the collection of blood and furthermore
allows the patients to monitor their Li* ion level for themselves.?1%11 The effective therapeutic Li*
range in saliva is 1.5-2.5 mM.”'? This range must be accurately monitored by a highly sensitive
analytical method that is reliable and simple to ensure adequate and safe treatment.

Several analytical methods have been described for Li* detection in different kinds of samples
including, but not limited to, high-performance liquid chromatography (HPLC)'3, capillary
electrophoresis'¥, inductively coupled plasma-atomic emission spectroscopy (ICP-AES)'S,
fluorescence-based sensor!®, secondary ion mass spectrometry!’, spectrophotometry’ and
potentiometry'®1°, These methods are reliable and have good sensitivity. However, they may involve
extensive sample pre-treatment and expensive instruments. In favourable cases, voltammetry could
provide simpler, cost-effective, user-friendly analysis and the possibility to adapt the process for in situ
analysis; making it an ideal option for the routine monitoring purpose. The effective use of various
voltammetric methods have been reported for the detection of glucose?’, bisphenol A?!, silver
nanoparticles??, various heavy metal ions?32425, cortisol?®?7, amphetamines?®, thiocyanate?®, A°-
tetrahydrocannabinol®?, glutathione3':32, uric acid®3, selegiline3* and modafinil®*® in either synthetic or
authentic human saliva.

In this paper, a linear sweep voltammetry (LSV) method is employed to detect Li* in aqueous
solution, synthetic saliva and authentic human saliva samples, using lithium manganese oxide
(LiMn,0,)-modified electrodes. The spinel-type LiMn,0, (LMO) is employed as a cathode material for
high-performance lithium ion rechargeable batteries.3® LMO can also be used for lithium extraction
and insertion from aqueous media due to its high selectivity for Li*, chemical stability, low cost and

non-toxic nature.3”38 Furthermore, the delithiation kinetics from single LMO particles has been studied
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in an aqueous solution by the nano-impacts technique.?® In the present work, LMO is used as an
electrode surface modifier for Li* detection (“lithiation”) through first a galvanostatic partial
delithiation and a subsequent LSV measurement. Note that the use of solids to provide a selective
approach for lithium in the presence of other alkali metals can be compared to the use of Li*
ionophore-based polymeric membrane, as reviewed by Zdrachek and Bakker*?, but with the advantage
that they may be easily screen-printed as demonstrated in this paper. Moreover, the use of solids may
provide a corresponding good selectivity but with significant lower cost and synthetic requirements.
The transfer of the optimised sensing strategy onto disposable screen-printed electrodes
(LMO-SPE) was assessed in authentic human saliva sample from four healthy volunteers. The results
show distinct signals against background with good reproducibility, as well as making it simpler and
accessible for point-of-care diagnosis and routine monitoring of Li* ion levels in saliva of patients for

example with bipolar disease.

EXPERIMENTAL SECTION

Chemical Reagents. Lithium manganese oxide (LiMn,0, spinel type) were sourced
commercially, both 299% purity (Sigma Aldrich, UK) and 99.5% purity (Alfa Aesar, UK). Lithium
perchlorate (LiClOg4, p.a., 298.0 %), lithium chloride (LiCl, 299.98 %), sodium perchlorate (NaClO,,
298.0 %), sodium chloride (NaCl, 299.0 %), potassium chloride (KCl, 299.0 %), calcium chloride (CaCl,,
297.0 %) and magnesium chloride (MgCl,, 98 %) were used as received (Sigma Aldrich, UK). Synthetic
saliva (pH 6.8 £ 0.1) was sourced from Synthetic Urine e.K. (Eberdingen-Nuf3dorf, Germany). The
proprietary formulation of the synthetic saliva reflects the standardised production process pursuant
of DIN53160-1.4! The electrode surface modifier was made of a mixture of LiMn,0,, carbon black (M
1100, Monarch® donated by Cabot Performance, Billerica, USA) and polyvinylidene difluoride (PVDF,
Solef S5130, Solvay, Belgium) with a percent weight ratio of 80:10:10, respectively, and diluted in N-
methylpyrrolidone (Sigma Aldrich, UK).3° The LMO slurry was stirred overnight with a magnetic
stirrer. Where it is referred to water, deionised water with a resistivity of 18.2 MQ cm at 298 K
(Millipore, Millipak Express 20, Watford, UK) was used. A high purity N, flow (BOC Gases plc, UK) was
used to remove oxygen thoroughly in all aqueous solutions (see Electrochemical Behaviour of LMO-
GCE in Aqueous Solution) prior to the electrochemical measurements. Note, neither synthetic saliva
nor authentic human saliva were bubbled with N, (see Detection of Li* in Synthetic Saliva and 3.3) as
the analysis does not require the removal of oxygen or other dissolved from the saliva.

Electrochemical Procedure. Electrochemical measurements were performed in a
thermostatted (25 * 1 °C) Faraday cage using a p-Autolab III potentiostat/galvanostat (Autolab B.V.,
Utrecht, The Netherlands) and data acquisition was controlled by GPES software version 4.9. A
standard three-electrode system was used by functioning a 3 mm diameter glassy carbon (GCE, CH
Instruments, Inc., USA) or a 2 mm thick 20 mm diameter glassy carbon disc (GCD, SIGRADUR G,
Hochtemperatur-Werkstoffe GmbH, Germany), a platinum wire (Goodfellow Cambridge Ltd., UK) and a
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saturated calomel electrode (SCE, ALS distributed by BASi, Japan) as working, counter and reference
electrode, respectively. The GCE or GCD was cleaned by mechanical polishing on soft lapping pads
using diamond spray (Kemet International Ltd, Kent, UK) of sizes 3, 1 and 0.1 micron. The freshly
polished GCE or GCD were modified by drop casting 5.0 pl of the LMO slurry and annealing it at 65 °C
for 10 min to evaporate the solvent, resulting in a LMO-GCE or LMO-GCD electrode, respectively.

Electrochemical studies of LMO-GCE in aqueous solution were first conducted by cyclic
voltammetry (CV). The LMO-GCE was immersed in a solution of 1.0 M LiClO, and voltammograms
were recorded by sweeping the potential from 0.0 V to 1.2 V and back to 0.0 V vs SCE at different scan
rates. The influence of the use of “thermostatted vessel” (Faraday cage) and temperature were also
assessed by performing CV (as described above) at a scan rate of 0.5 mV s'1. Next, the LMO-GCE was
immersed in solutions of LiCl0,, LiCl, NaClO4, NaCl, KCl and MgCl,, each 1.0 M respectively, and then
the potential was swept as described above at a scan rate of 0.5 mV s.. The concentration of 1.0 M was
selected in order to obtain clear signals for the delithiation steps. In further CV experiments, initially a
reductive sweep was performed after holding the potential of 1.0 V for zero or 10 min (delithiation
step) by immersing the LMO-GCE in 50.0 mM LiClO, solution and sweeping the potential from 1.0 V to
0.0 V and back to 1.0 V vs SCE at different scan rates.

The selectivity studies were performed using LSV by immersing the LMO-GCE either in a
solution of NaCl, KCl, CaCl, or MgCl,, 10.0 mM each respectively, or in a mixture of these. Note that
concentration of 10.0 mM was selected in order to study the lithiation step, which underpins the
sensor performance for practical purposes. The LSV was recorded after delithiation step of 10 min at
1.0 V vs SCE, followed by sweeping the potential directly to 0.0 V vs SCE at a scan rate of 5.0 mV s,

In this work, the lower scan rate of 0.5 mV s is selected when performing CV for modified
electrode in both aqueous solution and synthetic saliva. The aim of using this low scan rate is to study
the electrode response within delithiation steps. Meanwhile, the higher scan rate of 5.0 mV s selected
to speed up the lithiation step (Li* detection) of the sensor in aqueous solution, synthetic saliva and
authentic human saliva. Therefore, by improving the scan rate (5.0 mV s'!) reasonable analytical times
can be achieved without compromising the sensitivity or selectivity of the measurement.

Electrochemical studies of LMO-GCE in synthetic human saliva were evaluated by CV at
different scan rates. Next, both LMO-GCE and LMO-GCD were analysed by performing galvanostatic
measurements with a current density of 8.6 mA cm? (SI. Calculation, which is based on the
geometrical area of the electrode, not the particle surface area) at different times in order to optimise
the delithiation prior to the detection of Li*. The optimisation of chronoamperometric time was
conducted in 5.0 mM Li*-spiked synthetic saliva through LSV at a scan rate of 5.0 mV s. The powder
X-ray diffraction (PXRD) measurements were performed to analyse the structure of the LMO before
and after the delithiation step at different times. PXRD analysis were done on a PANalytical Empyrean
instrument operating in Bragg-Brentano geometry with a curved Ge(111) Johansson monochromator

to select CuK, = 1.54060 A radiation with a step size of 0.013° 26. The LMO-GCD samples were
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prepared as described above and the disc was directly mounted on a sample holder. The data was
evaluated with WinXP°" software.*?> The PXRD results will be discussed in the section Detection of Li*
in Synthetic Saliva. All figures were prepared with OriginLab2017.43 A measurable lower limit of the
LMO-GCE was assessed in synthetic saliva sample through galvanostatic delithiation followed by LSV.

As a proof of concept, we demonstrated the application of the established sensing strategy for
analysis of Li* in authentic human saliva samples. The measurements of authentic human saliva
samples were performed using LiMn,0,-modified screen-printed electrode (LMO-SPE) comprised of
three electrodes, which were screen printed by Sun Chemical Ltd (Bristol, UK). The reference
electrode was a silver-silver chloride electrode formed using a 60:40 weight ratio of silver to silver
chloride, stabilised by 1.0 M CI- in aqueous solution, 0.02 M CI- in synthetic saliva*! and by natural CI-
content found in authentic human saliva which is similar to the value in synthetic saliva. The counter
electrode was made of carbon (graphite/carbon black), whilst the working electrode was made from
carbon and LiMn;0,.

Authentic Human Saliva Sample Measurements. The collection of authentic human saliva
samples is in accordance with the Approved Procedure 24: IDREC 24 Version 3.0 from the Central
University Research Ethics Committee (CUREC), Oxford University.** The samples were collected from
four healthy volunteers using Salivetts® (Sarstedt, Germany). Each volunteer chewed the swabs from
the Salivetts® for 1 min and then the Salivetts® containing the respective swabs were centrifuged at
1,000 x g (equivalent to 2,400 rpm) for 2 min at 20 °C.*> Centrifuged samples were processed as soon
as possible in a Class Il biohazard hood. Subsequently, a ca. 50.0 pL of sample was deposited onto
the LMO-SPE surface, covering all three electrodes. The analysis was conducted by standard addition

method in triplicate, each from the same time of sample collection (see below).

RESULTS AND DISCUSSION
This section outlines the method for the electrochemical detection and quantification of Li* ion in
aqueous solution, synthetic saliva and authentic human saliva samples. We first analyse
electrochemical characterisations of the LMO-GCE in 1.0 M LiCl04 aqueous solutions inside and outside
of a Faraday cage, at various temperatures and at various scan rates using CV. Then CV analysis of the
LMO-GCE in solutions containing different cations were performed at a scan rate of 0.5 mV s.. The
selectivity in respect of possible interfering ions and the measurable lower limit of the LMO-GCE were
analysed through linear sweep voltammetry (LSV). Second, the LMO-GCE performance was optimised
by galvanostatic delithiation followed by a LSV measurement in a synthetic saliva. Finally, with the
knowledge about the galvanostatic delithiation and the LSV we demonstrate the successful application
of the LMO-SPE to detect Li* level in four different authentic human saliva.

Electrochemical Behaviour of LMO-GCE in Aqueous Solution. The LMO-GCE was immersed
in a solution of 1.0 M LiClO4 and a CV was recorded by sweeping the potential from 0.0 Vto 1.2 V

vs SCE and back to 0.0 V at a scan rate of 0.5 mV s (Figure 1, black curve). On the first forward scan,
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two quasi-reversible redox waves (as judged by the peak-to-peak potential separation) are observed
at a potential of ca. 0.87 V vs SCE (peak-Al) and ca. 1.00 V vs SCE (peak-A2). Peak-Al and peak-A2
correspond to the two delithiation steps in LiMn,0,. The first step (peak-A1) yields a phase with the
approximate composition LigsMn,0, and the second step (peak-A2) the lithium free A-Mn0,.*® On the
backward scans, two peaks (C2 and C1) were observed at ca. -0.86 V and ca. -0.67 V vs SCE that

correspond to the re-insertion of the Li* (lithiation) into the spinel structure of LM0O.3°

3 1.2
— 1.0 M LiCIO,
—— 1.0 M NaClQ,
5 0.8 4 )
s 1,0 M LICI
1 —— 1.0 M NaCl
— ~ 044 — 1OMKCI
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Potential vs SCE (V) Potential vs SCE (V)

Figure 1. CV of LMO-GCE immersed in (a) 1.0 M LiClO, at different scan rates and (b) different aqueous solutions

at a scan rate of 0.5 mV s,

The use of a thermostatted vessel or a Faraday cage follows standard analytical practice; it is
not needed for the analytical measurement. To confirm this, the LMO-GCE immersed in 1.0 M LiCl0,
both inside (at 25 °C) and outside (at ambient temperature) of the Faraday cage. The CVs were
recorded by sweeping the potential from 0.0 V to 1.2 V vs SCE and back to 0.0 V vs SCE at a scan rate of
0.5 mVs'L. As shown in Figure Sl.1a, the two forward peaks resulting from the experiment performed
outside the Faraday cage (solid red curve) are clear; all redox waves can be distinguished and seen at
the same peak potential position, suggesting good reproducibility of the modified electrode. The
Faraday cage was not used for screen-printed electrode (SPE) measurements, mimicking the
conditions for potential sensor applications outside the laboratory. In addition to this, the temperature
influence on the electrode response was verified by performing CV of the LMO-GCE immersed in a
solution of 1.0 M LiCl0O4 at 20 °C, 25 °C and 35 °C, all carried out inside the thermostatted Faraday cage.
CV was performed as described above. The resulting cyclic voltammograms are very similar for all
temperatures (Figure SI.1b). The results suggest that the temperature does not significantly affect the
modified electrode response, at least over the temperature range studied.

Next, the effect of scan rate was studied. The LMO-GCE was immersed in 1.0 M LiClO, and CVs
were undertaken by sweeping the potential at 0.0 V to 1.2 V vs SCE and back to 0.0 V vs SCE at scan

rates of 0.5, 1.0, 2.0 and 5.0 mV s'. Note that each experiment was undertaken using a freshly
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prepared LMO-GCE and degassed solution. As shown in Figure 1a, the two forward peaks can be
distinguished using a scan rate of 0.5 mV s, Higher scan rates result in distorted voltammograms
likely due to the kinetic limitations of the permeation of Li* through the deposited LMO at the
electrode surface. Note that this low scan rate is exclusively used for CV experiments when the
delithiation steps are studied (see below). Figure SI.2 presents a plot of peak current vs scan rate with
an R? = 0.999 and R? = 0.993 for peak-Al and peak-A2, respectively. The two linear dependencies of
the peak current values on the scan rate suggest that the delithiation step is a surface-controlled
process.

Next, the LMO-GCE was placed in solutions of LiCl0,, NaClO,, LiCl, NaCl, KCl or MgCl, at a
concentration of 1.0 M for each cation. The CVs were recorded in the same potential window (see
above) with a scan rate of 0.5 mV s1. As shown in Figure 1b, oxidation peaks are observed in all
solutions but the peak potentials of both peak-A1l and peak-A2 are shifted to more positive values by
ca. 60 mV and 90 mV, respectively, in LiClO0, and LiCl compared to other solutions. These forward
peaks indicate the delithiation steps are exclusively related to the oxidation of the manganese centres
of the LiMn;0,. That two forward peaks appear at more negative potentials (for NaClO,4, NaCl, KCI and
MgCl, solutions), suggests an easier expulsion of lithium cations out of the LMO structure. The
backward peaks C2 and C1 (the lithiation steps) are only observed in LiCl0, and LiCl solutions (Figure
1b, solid and dotted black curves). Therefore, lithiation only occurs if the bulk solution contains Li*.

The lithiation process was next studied at different delithiation step times under different scan
rates. First, the LMO-GCE was immersed in a solution of 50.0 mM KCl or 50.0 mM LiClO,. The potential
was held at 1.0 V vs SCE for either zero or 10 min followed by sweeping the potential from 1.0 V to
0.0 V vs SCE and back to 1.0 V vs SCE, at a scan rate of 5.0 mV s%. As shown in Figure SI.3a (solid and
dotted red curves), two backward peaks are observed at the peak potential of ca. -0.64 V and ca. -
0.42V vs SCE denoted as peak-C2 and peak-C1, respectively. Consistently, in absence of Li* in the
solution, no backward peaks were observed. The peak current values increase with lengthier
delithiation step from ca. 0.1 mA to ca. 0.2 mA for peak-C2 and ca. 0.2 mA to ca. 0.3 mA for peak-C1.
Second, the LMO-GCE was immersed in a solution of 50.0 mM LiClQ,, the potential held at 1.0 V vs SCE
for 10 min and then CVs were recorded in the same potential window (see above) at scan rates of 0.5,
2.0, 5.0 and 10 mV s.. As shown in Figure SI.3b, the two backward peaks are not clearly seen at scan
rates above 5.0 mV s The result indicates that the lithiation step is likely limited to the low
permeation of Li* and slow absorption kinetics of Li* into the LMO, at least for the LiClO, concentration
studied. Therefore, for the analytical measurements reported below, a delithiation step of 10 min and
a scan rate of 5.0 mV s' were adopted.

The selectivity of the LMO-GCE towards the ion of interest (Li*) in the presence of potentially
interfering ions, such as Na*, K*, Ca?* and Mg?*, was investigated next. To assess this, a LMO-GCE was
exposed to 10.0 mM of LiClO,, NaCl, KCl, CaCl, or MgCl,, respectively and LSV was recorded by
employing a delithiation step of 10 min at 1.0 V vs SCE followed by sweeping the potential from 1.0 V

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors Page 8 of 20

8

to 0.0 V vs SCE at a scan rate of 5.0 mV s'1. As shown in Figure SI.4, the backward peak is observed at
all studied solutions namely at a peak potential of 0.42 V, 0.54 V, 0.65 V, 0.60 V and 0.57 V vs SCE,
respectively. The result indicates that these cations may insert into the LMO structure during the LSV
scan. To validate the sensor’s selectivity, the LMO-GCE was assessed in the presence of binary and all
cation mixtures, at selected concentration of 10.0 mM for each cation. As shown in Figure 2 (black and
red curves), two backward peaks were observed at a peak potential of ca. 0.65 V (or ca. 0.58 V in the
red curve) and ca. 0.42 V vs SCE that correspond to other cations and Li* insertions, respectively.
However, in the mixture of all cations (Figure 2, blue curve), no significant interference from these
cations toward Li* was observed since only one backward peak is seen at a peak potential of ca. 0.42 V
vs SCE. These results suggest that the LMO-GCE has a good selectivity towards Li*, if applied to

mixtures of multiple cations, which reflects the conditions as found in authentic human saliva.

- —— 10 mM LiCIO, + 10 mM KCI
"~ | ——10mM LiCIO, + 10 mM MgCl,
Mixture of Li*, Na*, K*, Ca®* and Mg?*

— 027 (10 mM each)
< 4
E
g 00+
5
(@]

-0.2

0.4

0.0 0.2 0.4 0.6 0.8 1.0
Potential vs SCE (V)

Figure 2. LSVs of LMO-GCE immersed in a mixture of multiple cations at a scan rate of 5.0 mV s,

Having defined the delithiation step time, scan rate and evaluated the selectivity of LMO-GCE,
the sensitivity of the sensor is investigated in the following. The LMO-GCE was immersed in solutions
of various Li* concentrations (50.0 uM to 5.0 mM) and LSVs were recorded by employing the method
as described above (Figure 3a). The absolute current value at the cathodic peak position was used
rather than using linear baseline correction to determine the peak current values as discussed below.
As shown in Figure 3b, the absolute peak current values increase on increasing the Li* concentration.
At concentrations below 50.0 uM Li* the backward peak is no longer discernible, revealing the
measurable lower limit of the LMO-GCE. For Li* detection, a linear peak current behaviour was
observed at concentrations ranging from 50.0 uM to 0.5 mM Li* with an R? = 0.996 (Figure 3b, inset).

Following this, we further verified the linearity measurement using lithium manganese oxide-
modified screen-printed electrode (LMO-SPE) in aqueous solution containing of various LiClO,
concentrations (Figure 3c). The LSV was recorded by employing a delithiation step of 10 min at

potential 1.0 V vs Ag/AgCl followed by sweeping the potential from 1.0 V to 0.0 V vs Ag/AgCl at a scan

ACS Paragon Plus Environment



Page 9 of 20 ACS Sensors

oNOYTULT D WN =

9

rate of 5.0 mV s'1. As shown in the Figure 3d, the LMO-SPE shows an excellent linearity from 50.0 uM
to 5.0 mM, suggesting high applicability of the sensor to determine the Li* level within the therapeutic
range of 1.5-2.5 mM. The practicability of the LMO-SPE will be discussed further in the section

Detection of Li* in Authentic Human Saliva for the analysis of authentic human saliva.
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Figure 3. Measurable lower limit and linearity analyses of the modified electrodes immersed in different LiCl0,
concentrations: (a) LSVs of LMO-GCE, (c) LSVs of LMO-SPE. (b) and (d) are the plot of the peak current values

against various LiClO, concentrations, generating from (a) and (c), respectively.

The above demonstrates a possible sensing method of Li* in an aqueous solution. However, the
identified required potentiostatic delithiation step of 10 min at 1.0 V vs SCE before LSV being recorded
is disadvantageous for the routine monitoring of samples. In the following, we show that this aspect
can be improved by performing galvanostatic delithiation followed by LSV measurement.

Detection of Li* in Synthetic Saliva. The components of commercial synthetic saliva recipes
vary depending on the supplier (Table SI.1). In this work, the synthetic saliva used contains inorganic
ions such as Mg?*, Ca?*, K*, Cl-, CO5?-, HPO,?~ and unknown organic substances in order to adjust the

viscosity level and pH 6.8 + 0.1.4! Note that authentic human saliva is primarily composed of water
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(99%), several inorganic (Na*, K*, Ca?", Cl-, HPO,%, etc.) and organic (uric acid, creatine, etc.)
substances and others.!! This section will describe the electrochemical behaviour of the LMO-GCE in
synthetic saliva, the optimisation of the sensing performance via galvanostatic delithiation-LSV and
the sensitivity of the sensor.

First, the LMO-GCE was immersed in synthetic saliva and then CV was recorded by sweeping
the potential from 0.0 Vto 1.2 V vs SCE and back to 0.0 V at a scan rate of 0.5 mV s'.. Note that the
synthetic saliva was not bubbled with N, in order to better reflect conditions for practical purposes
(direct-and-quick use of sensor in authentic human saliva). As shown in Figure SL.5, the resulting peak
significantly decreased after 10 minutes bubbling with N,. Moreover, we also observed that synthetic
saliva becomes whitish or opaque if bubbled with N, thoroughly before the voltammetric
measurement. This whitish or opaque colour of synthetic saliva after N, bubbling is likely caused by
the denaturation of protein due to mechanical stress. As shown in Figure SI.6a, one oxidation peak is
seen at a potential of ca. 1.0 V vs SCE that probably corresponds to the two delithiation steps of
deposited LMO on the electrode surface. No backward peaks are observed on the backward CV scan,
suggesting no Li* ions (from the delithiation) re-insert back into the spinel structure of LMO. However,
the cyclic voltammogram becomes distorted when applying higher scan rates, or even at 5.0 mV st
(Figure SI.6b), and “absorption” of unknown species (from components of the synthetic saliva) may
arise as shown in a backward peak at peak potential of ca. 0.5 V vs SCE.

Second, the LMO-GCE was immersed either in 1.0 M LiCl0, solution or in synthetic saliva, and
then galvanostatic delithiation was performed at an applied current density of 8.6 mA cm? for
particular period. In 1.0 M LiClO, solution, two delithiation steps were found at ca. 0-420 s (up to first
plateau) and ca. 420-1800 s (up to second plateau) (Figure 4a, red curve). Meanwhile, in synthetic
saliva two delithiation steps were found at ca. 0-2000 s (up to first plateau) and ca. 2000-4500 s (up to
second plateau) (Figure 4a, black curve). The results suggest both delithiation steps in 1.0 M LiClO, are
faster than in synthetic saliva possibly due to the higher ionic strength. Subsequently, the LMO-GCE
was immersed in 5.0 mM Li*-spiked synthetic saliva and then the galvanostatic delithiation with a
current density of 8.6 mA cm? was performed at different times, ranging from 20 s to 20 min. In the
same sample, immediately LSV measurements were performed by sweeping from the ending potential
of the galvanostatic delithiation to 0.0 V vs SCE at a scan rate of 5.0 mV s%. As shown in Figure 4b, the
response in the LSV becomes broadened for very long delithiation times and weaker for very short
delithiation times. After a galvanostatic delithiation of 45 s (within the first plateau of the delithiation)
the signal is very sharp and the peak current already close to values at longer times. Indeed, 45 s is
also a realistic time scale of analysis for routine monitoring purposes and was therefore selected for all

further experiments described below.
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Figure 4. Optimising galvanostatic delithiation time. (a) Comparison of galvanostatic delithiation response of
LMO-GCE immersed in 1.0 M LiClO4 vs synthetic saliva, (b) LSVs of LMO-GCE in 5.0 mM Li*-spiked synthetic

saliva at a scan rate of 5.0 mV s,

An explanation for the different responses during the lithiation after different times in the
galvanostatic delithiation can be found in the structural changes of LMO concomitant with the
delithiation process. The structural changes of LMO before and after the delithiation steps were
studied using the powder X-ray diffraction (PXRD) analysis, which requires compatible substrate (disc
type) for the measurements. To assess this, a freshly polished glassy carbon disc (GCD) was first
modified by drop casting 5.0 pul of the LMO slurry and annealing at 65 °C until completely dry, resulting
in LMO-GCD. Next, the LMO-GCDs were immersed in synthetic saliva and then first underwent a
galvanostatic delithiation for different times followed by PXRD measurements on a powder
diffractometer. Subsequently, the LMO-GCDs were re-immersed in synthetic saliva to perform the
lithiation in an LSV experiments as described above. The galvanostatic treatment for the three samples
was performed so that the first sample was stopped within the first plateau, the second sample after
the first step within the second plateau and the third sample after the second step (Figure 4a, denoted
as 4, B and C). From the PXRD analysis, three different structures can be distinguished, which are the
structure of the initial LiMn,0,, of LipsMn,0,4 and of the fully delithiated A-Mn,0,, as expected for the
delithiation steps of LiMn,0,.#¢ As shown in Figure SI.7, the PXRD patterns taken for the first, second
and third sample (black, green and turquoise, respectively) imply that the initial LiMn,0, structure
type remains intact during the first plateau (with the composition Li,Mn,0,4, with 0.5<x<1.0) whilst the
LipsMn,0, structure type is formed after the first step and remains intact during the second plateau
(with the composition Li;,Mn,0,4, with 0.0<x<0.5). The A-Mn,0, is formed after the second step only
when the structure contains no lithium. For the latter two, a small part of the sample remains in the
initial LiMn,0, structure type, possibly due to larger particles that are not completely delithiated. After
the (re-)lithiation in the LSV experiment, for the first sample no structural differences can be observed,

while the second sample is mainly transformed back to the initial LiMn;0, structure type. For the
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sample that mainly consisted of the A-MnO,, after the LSV measurement, a mixture of all three
structure types (dominantly the LiysMn,0, structure type) was found. These results demonstrate how
the delithiation/lithiation process becomes more irreversible with each structural transition passed in
the delithiation process. This effect is already obvious in the LSV experiment after a delithiation for 20
min as seen in Figure 4b. While after the 20 min delithiation step only the first structural transition is
approached, the LSV response already becomes broadened compared to all experiments with shorter
delithiation steps. On the other hand, for delithiation times where the initial structure of LiMn,0,
remains intact (Figure 4b, 20 s to 5 min), the LSV signal is sharp and well defined with the peak
current mainly varying with the delithiation time, meaning the amount of delithiated lithium.
Therefore, the galvanostatic delithiation has to remain within the first plateau to avoid any structural
changes.

In summary, the working mechanism of the electrode toward the detection of Li* is as follows.
The LiMn,0, was first oxidised under galvanostatic delithiation control leading to partial expulsion of
Li* from LiMn,0, (Eq.1):

LiMn;04 — xe™ 2 Li;g - yMny04 + xLi* (Eq.1)

Typically, the galvanostatic oxidation was stopped when a substantial amount of delithiated
Li(1.\Mn;0, had formed (x = 0.13), taking care not to go beyond x = 0.5 which would involve a phase
transition.*® This requires driving the electrode for a period of 45 seconds at a current of 0.6 mA
(current density of ca. 8.6 mA cm=2) and 10.0 pA (current density of ca. 80.0 pA cm?) for a LMO-
modified glassy carbon electrode (LMO-GCE) and a LMO-modified screen-printed electrode (LMO-
SPE), respectively. The electrode potential then typically reached a value of ca. 0.70 V vs SCE (for LMO-
GCE) or ca. 0.52 V vs Ag/AgCl (for LMO-SPE). Subsequently, the potential was swept from the end
potential of the galvanostatic delithiation to 0.0 V vs SCE or 0.0 V vs Ag/AgCl. This led to the re-
insertion of Li* in the reverse of reaction (Eq.1) as revealed by a cathodic peak in the linear sweep
voltammogram. The peak current from the lithiation reflects both the amount of Li* that was expelled
in the first step (galvanostatic delithiation) and that present in the solution phase before the analysis,
which one aims to detect.

The sensitivity of the sensor was studied by employing the established sensing strategy as
described above. The LMO-GCE was exposed in various concentrations of Li*-spiked synthetic saliva
samples, ranging from 50.0 uM to 5.0 mM (Figure 5a). The measurable lower limit was determined by
the absolute peak current value at the minimum peak position. As shown in Figure 5b, the absolute
peak current value is increased with increasing Li* concentrations added into the synthetic saliva. A
linear peak current behaviour was found at concentrations ranging from 50.0 uM to 0.5 mM Li* with
an R? = 0.9906 (Figure 5b, inset). A measurable lower limit of 50.0 uM was achieved, same value as

found in aqueous solution (see Electrochemical Behaviour of LMO-GCE in Aqueous Solution).
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Figure 5. Measurable lower limit of the LMO-GCE in different concentrations of Li*-spiked synthetic saliva at a
scan rate of 5.0 mV s (a) LSVs of LMO-GCE, (b) A plot of the peak current values against various Li*-spiked

synthetic saliva concentrations.

Having defined a measurable lower limit of Li* at the LMO-GCE in both aqueous solution and
synthetic saliva, the following section will describe the applicability of the optimised system in
authentic human saliva.

Detection of Li* in Authentic Human Saliva. Next the optimised methodology developed
above was transferred to screen-printed electrodes and used to analyse lithium ions in authentic
human saliva.

Initially, the LMO-SPE performance was characterised using CV in 1.0 M LiCl, synthetic saliva
or authentic human saliva. 50.0 uL. of the selected sample was deposited onto LMO-SPE surface,
covering all three electrodes. A CV was recorded by sweeping the potential from 0.0 Vto 1.2 V and
back to 0.0 V vs Ag/AgCl at a scan rate of 0.5 mV s. As shown in Figure 6 (red curve), two quasi-
reversible anodic peaks are observed at a potential of ca. 0.74 V and ca. 0.88 V vs Ag/AgCl, which
correspond to the two delithiation steps in LiMn;0,4. On the backward scans, two cathodic peaks were
also observed at a potential of ca. -0.70 V and ca. -0.82 V vs Ag/AgCl that correspond to the re-
insertion of the Li* (lithiation) into the spinel structure of LMO. This result suggests an excellent
analytical performance of LMO-SPE than LMO-GCE (Figure 1) with two well-distinguished peaks
observed clearly. In addition, exposing either synthetic saliva or authentic human saliva to the LMO-
SPE the anodic peaks (ca. 0.55 V and ca. 0.71 V vs Ag/AgCl) and cathodic peaks (ca. -0.60 V and ca. -
0.47 V vs Ag/AgCl) are again clearly observed (Figure 6, blue and black curves). Figure 6 shows that

the SPE gives a clearer electrochemical response compared to the GCE (Figure SI.6a).
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Figure 6. CV of LMO-SPE with different analytes at a scan rate of 0.5 mV s'1. Note that the potential of the SPE
Ag/AgCl reference electrode is poised by the chloride ion levels present explaining the shift in peak potentials

between the analytes.

To conduct analysis of Li* in authentic human saliva, a ca. 50.0 uL. sample of pristine authentic
human saliva was put onto the LMO-SPE surface. Subsequently, galvanostatic delithiation was
performed with a current density of 80.0 pA cm? for 45 seconds (see above). Next, an LSV
measurement was undertaken immediately by sweeping the potential from the ending potential of the
galvanostatic step (approximately 0.5 V vs Ag/AgCl) to 0.0 V vs Ag/AgCl at a scan rate of 5.0 mV st
(Figure 7a, solid red curve). To determine the Li* concentration in authentic human saliva, the
standard addition procedure was conducted by adding LiClO, standard solution with a known
concentration of 100.0 mM in subsequent steps to the sample (Figure 7a). Three different authentic
human saliva samples were measured up to 1.0 mM Li* added, while for a fourth sample the added
concentration range was extended up to 5.0 mM Li* to cover the therapeutic range (1.5-2.5 mM Li*).
For each step the same galvanostatic delithiation and LSV measurements were performed. This
procedure was repeated for three fractions from each of the four different authentic human saliva
samples in order to ensure the reproducibility of the result and to determine the relative standard
deviation (% RSD). A plot of the absolute peak current values against the total concentration of Li* was
then generated. In a control experiment (triplicate) synthetic saliva containing no Li* was used. As
shown in Figure S1.9 and Figure 7b, the absolute peak current values increase linearly with increasing
concentration of Li*-spiked authentic human saliva for the triplicate measurements of all four different
samples in the respective concentration ranges. Additionally, the recovery of Li* was determined for
the same authentic human saliva samples as before with an added 0.2 mM concentration of Li*. The
recovery was calculated from the differences between the Li* concentrations found from standard
addition (before spiking) and the Li* concentrations found in the recovery test (after spiking) in

relation to the spiked amount of 0.2 mM Li*. The summary of these results is reported in the Table 1.
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Figure 7. Linearity of the measurement. (a) Representative LSVs of LMO-SPE with different Li*-spiked authentic
human saliva concentrations, at a scan rate of 5.0 mV s.. (b) Linear peak current behaviour at various Li*-spiked

authentic human saliva concentrations.

The first three samples analysed are similar (ranging from 0.13 to 0.16 mM) in around the
value for a healthy person. Moreover, the relative standard deviation (% RSD) from the random error
was found to be 6.3%, 6.9% and 4.6% for sample-1, sample-2 and sample-3, respectively. Together
with the measurement of the zero Li* current, the systematical and random errors add up to 0.05, 0.05
and 0.04, respectively. For the fourth sample, the standard addition method was extended towards the
therapeutic range and beyond, demonstrating the linearity of the sensor response in the whole
relevant range. As shown in Figure 7b, the found concentration in the fourth sample is 0.16 * 0.006
mM (RSD 3.8%) comparable to the values from the first three samples. This result shows a
reproducible linear response of the sensor also in an extended range, including the therapeutically
relevant concentrations as a linear response is seen up to 5.0 mM Li*. This is also in agreement with
the experiments shown previously (see Electrochemical Behaviour of LMO-GCE in Aqueous Solution)
using the LMO-SPE with potentiostatic delithiation (holding the potential of 1.0 V vs SCE for 10 min
prior to the LSV) for detection of Li* in aqueous solution. The result demonstrates the practicality of

the sensor for routine monitoring of Li* in saliva for patient with bipolar disease.

Table 1. Li* quantification in authentic human saliva samples and recovery results

Sample Concentration (before spiking) RSD Recovery (after spiking
with 0.2 mM Li*)
1 0.16 £ 0.0100 mM 6.3% 99.2%
2 0.14 £ 0.0096 mM 6.9% 99.0%
3 0.13+£0.0060 mM 4.6% 98.6%
4 0.16 £ 0.0060 mM 3.8% 99.4%
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CONCLUSIONS

The electrochemical sensor based on a lithium manganese oxide (LiMn,0,)-modified screen-
printed electrode (LMO-SPE) exhibits a good selectivity towards possible interfering cations, a
sensitivity of 50.0 uM (in both aqueous solution and synthetic saliva) and an excellent sensing
performance in authentic human saliva. The linear response range of the sensor spans the
therapeutically relevant Li* concentrations in human saliva and allows analysis in reasonable times of
less than three minutes.

The sensor offers a low cost and easy to utilise alternative that is applicable for routine
monitoring of Li* levels. With the non-invasive sampling approach the sensor can be used directly by
either patients or clinicians. For instance, patients with bipolar disease can benefit from the point-of-
care diagnosis with this sensor, as during dose adjustment or change in the medication schedule,
immediate feedback is possible. This ensures that the Li* levels remain within the therapeutic range,

so patients are treated appropriately and safely.
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