
NaLiK, an self-de
aDepartment of Applied Optics & Photonics, U

Salt Lake, Kolkata: 700 106, India
bTechnical Research Centre, S. N. Bose Nati

Sector III, Salt Lake, Kolkata: 700 106, Ind

33-3355706/7/8 ext. 230
cDepartment of Chemical, Biological and

National Centre for Basic Sciences, Block JD

India
dCenter for Astroparticle Physics and Space

More, EN Block, Sector V, Kolkata: 700091,
eDepartment of Physics, St. Xavier's College

Kolkata: 700016, India
fDepartment of Clinical and Experimental P

Medicine, 108, Chittaranjan Avenue, Kolkat
gDepartment of Anesthesiology, 88, Colleg

Square, Kolkata: 700073, India

† Authors contributed equally.
veloped device for rapid, reliable
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and potassium for management of fluid balance
and bipolar disorder in human subjects
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Electrolytes like sodium, potassium, magnesium, calcium etc. are essential for maintaining the fluid balance

and homeostasis in the human body. They are also useful biomarkers in understanding the pathophysiology

of a host of diseases. The major aim of this study is to develop a strategy for fast, reliable and simultaneous

assessment of sodium (Na+), lithium (Li+) and potassium (K+) in human samples. The device is developed

utilizing the basic principle of optical emission spectroscopy (OES). The atomic emission spectra of the

ions during their transition are acquired and analysed for the simultaneous detection of the specific

electrolytes. Our self-developed software is used to acquire the optical signals and to calculate the

electrolyte concentration. The device shows a satisfactory adjusted R2 value for the three electrolytes

(0.954, 0.932 and 0.984 for Na+, Li+ and K+, respectively) with respect to the standard ISE method. The

device utilizes a very small amount (�100 mL) of serum and provides a good correlation with

commercially available costly devices like blood gas analysers and ion selective electrodes for blood

electrolyte analysis. Our self-developed low-cost device has the ability to offer a simultaneous

assessment of the essential electrolytes. To our understanding, this device would be ideal for the point

of care management of constantly recurring physiological disorders including Chronic Kidney Diseases

(CKD) and bipolar disorder in economically challenged countries.
Introduction

The analysis of electrolytes, particularly sodium and potassium,
is one of the most frequently used measurements in clinical
chemistry laboratories1 as they provide vital diagnostic infor-
mation to guide treatment of several diseases like chronic
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kidney diseases, hypertension, acute cardiac arrhythmias etc.
The importance of these electrolytes in modern medical diag-
nostics lies in their exceptional ability to modulate almost all
metabolic functions including nerve excitability, endocrine
secretion, membrane permeability, buffering of body uids and
controlling of the movement of uids.2,3 In fact, if we consider
the human body to be a unique combination of multiple bio-
logical systems, then these electrolytes are in charge of its
smooth functioning. Sodium, the main extracellular cation, has
been considered the pivotal environmental factor in diseases
like hypertension, ventricular arrhythmias and ischemic heart
disease.4 By contrast, the major intracellular cation potassium
prevents them. Thus, their balance plays a crucial role in
normal body functioning. An imbalance in these ion concen-
trations creates pathological disorders that may become life-
threatening.5,6 Hence, regular measurements of these electro-
lytes in elderly patients are important.7 On the other hand,
lithium (Li+), the ionic form of the lightest metal, takes the pole
position across international therapeutic guidelines, not only
due to its effects on mood stability in patients with bipolar
disorders8 and prophylaxis which are arguably its strongest
actions but also because it is remarkably efficient for treatment
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Fig. 1 Schematic of the experimental setup.
of acute mania and acute depression. In addition, it is one of
the few agents that can be utilized as an augmentation strategy
across all mood disorders in conjunction with all manner of
antidepressants and anticonvulsants. But lithium therapy may
lead to several side effects9 with varying degree and duration
including nausea, diarrhoea, dysgeusia, hypo- and hyperthy-
roidism and hyperparathyroidism. To avoid side effects and
minimize these consequences, lithium levels in the blood
should be carefully monitored by rapid and reliable measure-
ment techniques.10

Despite being the most common analytes, fewer analytical
principles are available for the detection of Na+ and K+ in clinical
chemistry laboratories. The commonly used technologies for the
measurement of Na+, Li+ and K+ in plasma or other biological
uids include ion-selective electrodes (ISEs), ame photometry
and atomic absorption spectrometry (AAS).11–15 In an earlier
study, an attempt has been made for the simultaneous detection
of Na+, Li+ and K+ in laboratory samples, using ame photom-
etry.16 Even though ISEs, AAS and ame photometry are used
widely, they suffer from several limitations like high cost,
immobility, use of different chemical reagents, and use of
selective electrodes for the measurement of the concentration of
different electrolytes,17–19 thus making them difficult to use
frequently in point-of-care diagnostics which is the need of today.
The sample for the electrolyte determination is chosen amongst
serum, plasma, whole blood and urine depending upon the type
of instrument. It has been reported that the elemental concen-
tration can be detected using spark emission spectroscopy.20 The
major objective of this work was to develop an easy to use,
portable, point of care corona-discharge-based device using the
principles of spark emission spectroscopy for simultaneous
detection of Na+, K+ and Li+ in a variety of samples and body
uids including plasma, whole blood and oral cavity wash
without involving a rigorous sample preparation procedure.
Fig. 2 (a) Photograph of the complete experimental arrangement and
(b) the emission due to the interaction between the spark and aerosol.
Experimental
Design and fabrication of the device (led patent no. TEMP/E-
1/27873/2019-KOL)

For detection of Na+, K+ and Li+ from various aqueous samples
and body uids, we used a simple setup consisting of three
major components namely a vaporizer, corona discharge
chamber (CDC) and spectroscopic detector (Fig. 1). The whole
set-up was controlled through an integrated soware ecosystem
developed in the lab. The arrangement of the lab grade proto-
type shown in Fig. 2 was used for the proof-of-concept analyte
measurement as described later in this manuscript.
The vaporizer

The vaporizer is made assuming that the liquid phase takes the
shape of a liquid element travelling in the core of the spray
orice surrounded by an annulus of vapour. The shape of the
ligament will be approximated by a cylinder. Velocity differ-
ences between the vapour and liquid phase generate an aero-
dynamic force on the liquid cylinder, which causes wave-like
disturbances on the vapour–liquid interface. These
disturbances grow rapidly in amplitude and fragment the
cylindrical liquid jet into aerosol drops. Based on this
assumption, a piston type compressor is used in the setup to
exert 2.5 bar pressure to the air. Such pressure allows the air to
ow at 8 Lmin�1. The high-pressure air passes through the tube
and breaks the target solutions into small aerosol droplets. The
mass median aerodynamic diameter (MMAD) in the present
setup is approximately 2.13 mm.
The corona discharge chamber

The CDC encompasses two opposing copper electrodes for
spark discharge,21–25 a transformer for supplying the required
voltage for the spark to be generated and a holder for a multi-
mode ber of 0.10 NA (105 mm Core from Thorlabs, USA)
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connected to a detector. Here, a cylindrical aluminium channel
of 1.3 cm thickness is used to construct the chamber (Fig. 2b).
The inner diameter of the chamber exactly matches the outer
diameter of the exible sample container cum vaporizer. Two
electrodes (spark plugs from NGK, USA) are placed in two
opposite sides of the inner wall of the chamber at a separating
distance of 2.5 cm (depicted in Fig. 1). A high voltage current
limiting transformer is used to convert 220 V and 50 Hz AC line
voltage to 15 kV for corona generation. The transformer
supplies 30 mA through the discharge path which is connected
to the transformer terminals. When the secondary coil of the
transformer reaches a critical voltage, a spark discharges over
the electrode gap. Since the experimental procedure deals with
high voltage, care has been taken to electrically isolate the
electrodes from the housing.
The detector

Here we used a breakout board having an Arduino compatible
pinout from GroupGets (Reno, U.S) with an attached micro-
spectrometer (model C12880MA from Hamamatsu Photonics,
Japan) as a detector. The detection ber from the CDC that is
xed at 90� to the electrodes is attached to the spectrometer.
The breakout board is plugged directly to the Arduino
compatible header. The wavelength calibration of the micro-
spectrophotometer was carried out with a standard spectro-
photometer (model HR4000, Ocean Optics, USA) in
transmission mode using a well-known dye methylene blue
(Sigma, USA) and was found to be consistent.
Fig. 3 The flow diagram for simultaneous assessment of electrolytes
adopted in the present study.
Method of measurement

The measurement of the electrolytes is performed step by
step as described in Fig. 3. The soware has been developed
on a LabVIEW (version 2010, National Instruments) platform.
The optical information is retrieved from the spark–vapour
interaction through an optical ber and the micro-spec-
trometer responses accordingly. For each set of samples,
5000 spectra were acquired and averaged twice, one for base
line correction and another for sample data. The base line
correction is accomplished with the corona and the dilution
medium interaction. The sample data are obtained from the
interaction between the spark and the sample under inves-
tigation diluted as per requirement. 100 mL of serum with 2
mL of deionized distilled water (DDW) is the optimized
sample volume for the present study. The average baseline
and the differential spectrum are saved in a user dened
folder. Once the data acquisition is completed, the soware
calculates the sodium, lithium and potassium concentra-
tions from the preloaded calibration equations of the elec-
trolytes in their appropriate unit.

We have also taken care of the Radio Frequency Interference
(RFI) which is very common in a spark based system. The
possibility of RFI being conducted back through the trans-
former to the power lines and the associated electronic circuits
has been taken care of by electrically isolating the computer
using a dielectric medium.
Measurement of biological samples using the device

Samples. The samples tested in the present device were ob-
tained from the residue of the samples that have been taken for
other clinical tests in the Calcutta School of Tropical Medicine,
Kolkata. All the experiments were performed following the
guidelines approved by the Institutional Ethics Committee (IEC
Ref no: CREC-STM/2018-AS27, dated 29/12/2018). Serum was
the common sample for investigation by both the methods.
Venous blood was collected by medical technicians following
proper protocol. The serum was isolated by centrifugation at
3000 rpm for 15 min and was divided into two parts, of which
one part was used for analysis by using an AU480 Chemistry
Analyzer (Beckman Coulter, Inc.) and the other was used in our
instrument. For collection of unstimulated saliva, the volun-
teers were asked to wash their mouth rst and distilled water
was placed in their mouth for 1 minute. The saliva mixed water
was collected in a sterilized container and the experiment was
performed following the procedure. Blood pricking was con-
ducted on the ngertip following medical guidelines.

Reference standard measurement. An AU480 Chemistry
Analyzer (Beckman Coulter, Inc.) was used as a standard
instrument for detection of analyte levels in serum. In brief, it
measures sodium (Na), potassium (K), and chloride (Cl) ions by
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using the indirect (diluted) ion-selective electrode (ISE) method
in the presence of some particular reagents. Serum of a sample
volume of 1.0–25 mL was used for the test and the typical cycle
time was less than 120 seconds.
Results and discussion
Calibration and validation of the device with a biological
sample

In the present study, we used emission spectral signatures of the
three concerned electrolytes (Na+, K+ and Li+) for determination of
respective concentrations. Fig. 4a shows the emission spectrum
obtained from a mixture of NaCl, KCl and LiCl (mixture ratio of
1 : 1 : 1) with a 100 mL serum sample having Na and K ion
concentrations of 134 mmol L�1 and 3.8 mmol L�1 respectively.
The electrolyte concentration of the used serum was determined
using an AU480 Chemistry Analyzer. We used the serum to nullify
interference in themeasurements due to presence of other ions or
acids in biological samples. The three distinct narrow emission
peaks appeared at 589.0, 687.0 and 824.0 nm which are relatable
to the well-known atomic emission maxima of Na+, Li+ and K+

electrolytes that appears due to 2Sl/2–
2P3/2 electronic transitions.

As the intensity of all the three peaks changes in a concentration-
dependent manner, we tried to nd out the correlation between
them. Fig. 4b–d show the instrument responses (peak intensities)
for Na+ (up to�320mmol L�1), Li+ (up to�320mmol L�1) and K+

(up to �320 mmol L�1) which are nonlinearly dependent upon
their concentrations (eqn (1), (2) and (3), respectively).

yNa ¼ 3.97Xinstrument_index + 0.31(Xinstrument_index)
2 (1)

yLi ¼ 15.25Xinstrument_index + 13.71(Xinstrument_index)
2 (2)

yK ¼ 12.72Xinstrument_index + 1.16(Xinstrument_index)
2 (3)

where yNa, yLi, and yK denote the concentration of the sodium,
lithium and potassium electrolytes, respectively. Xinstrument_index

refers to the intensity counts at a specic wavelength. It is to be
Fig. 4 (a) Spectrum obtained by using the instrument and (b–d) the
calibration curves for Na+, Li+ and K+.
noted that in all cases adjusted R2 values were excellent (0.954,
0.932 and 0.984 for Na+, Li+ and K+ respectively) suggesting the
robustness of the regression models used for both nonlinear
and linear analyses. The correlation coefficient (r) is found to be
�0.93 in all three cases, P < 0.0001, which further illustrates the
signicant relationship between the instrument index value
and concentrations of the analytes. The limit of detection (LoD)
and the limit of quantication (LoQ)26 for the three electrolytes
were found as shown in Table 1.

Therefore, we incorporated these correlation equations (eqn
(1)–(3)) into the soware interface to calculate the concentra-
tions of the above-mentioned electrolytes in unknown samples.
Sensitivity test

Subsequently, we checked the sensitivity of the instrument
using a mixture of different concentrations of Na, K and Li salts
(Fig. 5) spiked into the known serum sample. In order to nd
the statistical signicance of the newly developed device for
point-of-care assessment of the analytes, correlation and
regression analyses were used. Fig. 4a, c and e show the linear
regression data for the test samples obtained in the device
against concentrations. The accuracy of the measurements was
found to be admirable with adjacent R2 ¼ 0.99983 and F ¼
41340.7; slope 1.01; y-intercept 0 for Na+; adjacent R2 ¼ 0.99984
and F ¼ 44193.3; slope 1.03; y-intercept 0 for Li+ and the adja-
cent R2 ¼ 0.99982 and F ¼ 39888.75; slope 0.998; y-intercept
0 for K+. The repeatability of the instrument indices was
assessed by measuring a mixture of the electrolyte solution of
known concentration (320 mmol L�1) with a serum sample
tested in an AU480 Chemistry Analyzer 10 times. As depicted in
Fig. 6a–c, the results show 3.73%, 3.11% and 3.22% (P < 0.0001
in all cases) variability in the case of Na+, Li+ and K+ respectively.
This indicates the high precision of the instrument. The
reproducibility test has been performed by ve different users
(Table 2) for a serum sample having the ISE measured
concentration for sodium and potassium as 131 mmol L�1 and
4.2 mmol L�1 respectively. There was no lithium tracemeasured
by using the ISE.
Performance of the device in a biological sample

To understand the ability of the instrument in the determi-
nation of electrolyte concentrations in real biological
samples, we carried out a short clinical trial consisting of only
10 subjects. It was conrmed that these subjects had not
taken any lithium-containing drugs. Considering the type of
diagnosis used and the proof of concept nature of the trial,
extensive information about the subjects (e.g., age, sex, other
pathological complicacy, etc.) is not described here. In
Table 1 LoD and LoQ for the three electrolytes determined in NaLiK

Na Li K

LoD (mmol L�1) 2.09 0.38 2.62
LoQ (mmol L�1) 6.98 1.29 8.73
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Fig. 6 The fluctuations of the instrument index value lie within 5% for
any electrolyte concentration.

Table 2 Reproducibility test on a particular sample

[Na] (mmol L�1) [Li] (mmol L�1) [K] (mmol L�1)

User 1 131.45 NA 4.11
User 2 131.45 NA 4.0
User 3 130.98 NA 4.11
User 4 131.45 NA 3.94
User 5 132.21 NA 4.11

Fig. 7 (a and c) refer the concentration of measured by NaLiK and
AU480 Chemistry Analyzer for Na+ and K+ respectively. (b and d) refer
the Bland and Altman test of NaLiK to assess its performance for the
said electrolytes.

Fig. 5 (a, c and e) refer the concentration measured by NaLiK (Method
1) to the given known concentration of the electrolytes (Method 2). (b,
d and f) refer the Bland and Altman test of NaLiK for each electrolyte.
clinical diagnosis, a one-to-one comparison is necessary
between a new technique and an established one (preferably
a gold standard) in order to estimate whether the outputs are
sufficiently consistent for the new technique to replace the old
one.27 In this process, two crucial factors decide whether a new
method can be used interchangeably with an already estab-
lished method and the level of agreement between the methods
and its clinical evaluation.28 We compared our proposed point-
of-care analyte detection method to the values obtained from an
established instrument AU480 Chemistry Analyzer (Beckman
Coulter, Inc., USA) using the approach described by Bland and
Altman29 in order to assess the statistical agreement. Each
sample was analyzed several times in each of the techniques to
avoid the random error of sampling. Linear regression analysis
and Student's t-distribution under null hypothesis were also
used to determine if there is a signicant difference between the
means of two measurements.

To start with, we compared the serum Na+ and K+ values
obtained from the two methods of measurements as the serum
is conventionally used for the detection of analytes in clinical
diagnostics. We could not estimate the Li+ concentration as
normally serum lacks Li+ and none of the subjects has under-
gone lithium bicarbonate therapy. The signicant overlap
between the methods depicts the accuracy of the newly devel-
oped device. The data obtained from the linear regression
analysis (Fig. 7a and c) show that the two methods have strong
correlation as the Pearson correlation coefficient, r ¼ 0.94; P <
0.001 and F ¼ 73.4; slope 0.59; y-intercept 54.39 (for Na+);
Pearson correlation coefficient, r ¼ 0.90; P < 0.001 and F ¼ 31.7;
slope 0.51; y-intercept �1.93 (for K+). For adequate comparison
of the two methods, the difference in measurement of the two
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Table 3 Comparative analysis of NaLiK with a few other standard devices

Type ISE ABG ICP-OES OES

Device AU480 Chemistry
Analyzer, Beckman
Coulter Inc., USA

OPTI® CCA-TS2, OPTI
Medical Systems Inc., USA

Optima 7300 V PerkinElmer,
Inc. Shelton, CT, USA

NaLiK, proposed by us

Measurement principle Spectrophotometry
and potentiometry

Optical uorescence and
reectance

Inductively coupled plasma-
optical emission
spectroscopy (ICP-OES)

Optical emission
spectroscopy

Sample type Demonstrated in
serum or plasma,
urine and other
uids30

Demonstrated in whole
blood, serum or plasma31

Demonstrated in human
milk32

Serum or plasma (validated)
saliva, whole blood, urine
and other uids (proposed)

Sample volume 1.0–25 mL 125 mL 50 mL 10–500 mL
Calibration time <60 s <90 s <90 s <60 s
Measurement time <120 s <120 s <90 s <90 s
Operating temperature 18 to 32 �C 10–30 �C 15–35 �C 15–37 �C
Measurement range Na+ 90–200 (mM) 100–180 (mM) 2.59–21.50 (mM) 100–320 (mM)

K+ 1.99.93 (mM) 0.8–9.99 (mM) 7.91–15.20 (mM) 1.0–9.95 (mM)
Display resolution (low/
high)

Na+ 1/0.1 1/0.1 0.1/0.01 0.1/0.01
K+ 0.1/0.01 0.1/0.01 0.1/0.01 0.1/0.01

Installation cost (approx.) 39513.15 USD 4324.05 USD 38012.65 USD 1153.08 USD
Test cost (per sample) Between 4.90 and

11.82 USD
Between 4.90 and 11.82 USD Between 4.90 and 11.82 USD 1.44 USD
methods is plotted against their average (Fig. 7b and d). The
mean difference between the two methods is depicted as
a horizontal line and is rated as a bias. The other two horizontal
lines (mean � 2SD) represent the limits of agreement which
explains that 95% of the differences were assumed to lie within
these limits. The results exhibit reasonable agreement between
our proposed method and the conventional method of analyte
detection. The difference in the two methods (conventional –
proposed) has a mean value of 1.87 mmol L�1 and SD value of
4.17 for Na+ and a mean value of 0.08 mmol L�1 and SD value of
0.63 for K+. The limits of agreement are from �6.79 to 9.55
mmol L�1 (for Na+) and from �1.21 to 1.24 mmol L�1 (for K+).
Hence, it can be inferred that for 95% of individuals,
a measurement by our method would be between �12.06 units
less and 14.82 units greater than the measurement by the
conventional method (for Na+). Similarly, for K+, the same lies
between �2.01 units less and 2.04 units greater. These small
differences have no serious clinical signicance in the diagnosis
of diseases. The mean value of the differences indicates a small
bias of approximately 1.38 mmol L�1 (for Na+) and 0.02 mmol
L�1 (for K+). As the CI in both cases includes 0.001, the bias is
statistically nonsignicant.30 The positive bias (for Na+) along
with CI indicates that the predominant tendency of our instru-
ment is to overestimate the analyte level which is unlikely to
have any effect on the decision-making process of treatment
owing to its low value. On the other hand, the negative bias (for
K+) along with CI indicates that the predominant tendency of
our instrument is to overestimate the analyte level, so dangerous
clinical errors are unlikely to occur.

The newly developed device shows promising results as
a proof-of-concept as shown in Table 3. However, a long term
multi-centric trial will provide further clinical insight.
Conclusions

In conclusion, we have developed a spark spectrometry-based
device relying on the basic scientic principle of optical emis-
sion spectroscopy (OES) for the simultaneous detection of Na+,
Li+ and K+ levels in human subjects. We have also developed
a user interfacing soware in the LabView platform. The device
responses (peak intensities) for Na+ (up to �320 mmol L�1), Li+

(up to �320 mmol L�1) and K+ (up to 320 mmol L�1) in the
standard solutions are found to be best tted for the polynomial
curve. For making an instrument, a linear calibration curve is
expected. It has been observed in our study that the range of
detection extended to 320 mmol L�1 from 160 mmol L�1 on
applying a polynomial t instead of a linear one. It has been well
reported that in unstimulated saliva the sodium concentration
is lower than the potassium concentration. We have investi-
gated the oral cavity wash and tested it using our instrument.
We observed that the peaks for potassium are greater than the
peaks for sodium. We also have investigated the pricked blood
to trace the sodium and potassium concentration. We have
explored all the hospitals and the pathological laboratories
under our access for estimation of the electrolyte concentra-
tions in the biological samples (saliva and pricked blood) using
a standard reference method. As the reference methods were
uncalibrated with the nonstandard biological samples, the
results are not given in the present manuscript. To our under-
standing, the NaLiK device would be ideal for the point of care
management for different physiological disorders including
Chronic Kidney Diseases (CKD) and bipolar disorder in
economically challenged countries.
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