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Determination of sodium and potassium ions in
patients with SARS-Cov-2 disease by ion-selective
electrodes based on polyelectrolyte complexes as
a pseudo-liquid contact phase

Liubov V. Pershina,® Andrei R. Grabeklis, 2 Ludmila N. Isankina,®
Ekaterina V. Skorb {2 *3 and Konstantin G. Nikolaev

Nowadays, there are several methods for the detection of various bioelements during SARS-CoV-2. Many of
them require special equipment, high expenses, and a long time to obtain results. In this study, we aim to
use polyelectrolyte multilayers for robust carbon fiber-based potentiometric sensing to determine the ion
concentration in human biofluids of COVID-19 patients. The polyethyleneimine/polystyrene sulfonate
complex is hygroscopic and has the ability to retain counterions of inorganic salts. This fact makes it
possible to create a flexible ionometric system with a pseudo-liquid connection. The formation of the
polyethyleneimine/polystyrene sulfonate complex allows for the adhesion of a hydrophobic ion-selective
membrane, and creates a Nernst response in a miniature sensor system. This approach discloses the
development of miniaturized ion-selective electrodes and their future application to monitor analyte
changes as micro and macroelement ions in the human body to identify correlation to SARS-CoV-2. An
imbalance in the content of potassium and sodium in urine and blood is directly related to changes in
the zinc content in patients with coronavirus. The proposed method for assessing the condition of
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Introduction

The COVID-19 pandemic, known as the coronavirus pandemic,
is a continuous world pandemic of coronavirus disease 2019
(COVID-19) induced by serious acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). There are numerous methods of
coronavirus detection. Nowadays, quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) is the
golden standard for the diagnosis and confirmation of the
SARS-CoV-2 infection." In addition, many other methods are
being developed for more rapid and selective COVID-19 deter-
mination. There are approaches based on immunochromato-
graphic detection,> mass-spectrometry-based methods,** and
electrochemical methods with biosensors used for the rapid
detection of SARS-CoV-2.>”

“Infochemistry Scientific Center of ITMO University, 191002 Saint Petersburg, Russian
Federation. E-mail: skorb@itmo.ru; kgnikolaev@itmo.ru

*World-Class Research Center “Digital Biodesign and Personalized Healthcare”,
Sechenov First Moscow State Medical University, Trubetskaya st., 8, 119991
Moscow, Russian Federation

Peoples’ Friendship University of Russia (RUDN University), Miklukho-Maklay st., 6,
Moscow, 117198, Russian Federation

Children’s City Clinical Hospital, No. 5 named after N.F. Filatov, 192889 Saint
Petersburg, Russian Federation

© 2021 The Author(s). Published by the Royal Society of Chemistry

patients will allow fast determination of the severity of the course of the disease.

Another importance that can be mentioned, there are elec-
trolyte imbalances in human biofluids that can occur in any
critical systemic illness.® Electrolyte imbalance can also be
a considered evaluation indicator for revealing strategies for
treating patients with COVID-19.° Earlier, it was reported
various electrolyte anomalies for patients who progress towards
the heavy form of SARS-CoV-2. More characteristic is the
change in the content of macroelement ions, such as potassium
and sodium'*** and some trace elements, including zinc."*** It
was studied that electrolyte and trace element changes are
related, and increasing or decreasing some of them affects the
severity and COVID-19." In addition, supplemental intake of
these nutrients has been shown to increase the antiviral resis-
tance to coronavirus infection.'>'

The virus infects the host by binding to the angiotensin-
converting enzyme 2 receptors. Angiotensin-converting
enzyme 2 receptors present in the kidneys and gastrointes-
tinal tract, and kidneys and gastrointestinal tract damage
arising from the virus can be seen in patients and can lead to
acute conditions, for example, acute kidney injury and digestive
problems for the patients.”” Among the most easily detected
indicators, the most promising for long-term monitoring are
the content of electrolytes, sodium and potassium. Among
patients hospitalized with COVID-19, dysnatremia is commonly
present at admission, with hyponatremia being more prevalent
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than hypernatremia.”® Serum sodium imbalance serves as
a common characteristic feature and leads to severe illnesses,
poor clinical outcome(s) and increased in-hospital mortality in
COVID-19 patients.” The treatment of COVID-19 pneumonia in
hospitals should provide sodium and potassium continuous
monitoring because patients admitted with dysnatremia are at
a higher risk for negative endpoints than those presenting with
eunatremia.*

In the practice of the analysis of biological fluids for metal
ions, almost all the spectroscopic methods for element analysis
find use: atomic absorption spectrometry (AAS) in different
modifications, inductively coupled plasma atomic emission
spectrometry (ICP-AES), X-ray fluorescence analysis (XFA), and
inductively coupled plasma mass spectrometry (ICP-MS).>"?
Electrochemical detection methods, including ion-selective
sensors, for ion determination have attracted attention due to
the advantages of high sensitivity, miniaturization, ease of
operation, and the ability of simultaneous multiion detection.
Simultaneously, methods for electrode nanostructuring for
making the electrochemical detection methods robust are of
high priority. An outstanding trend is the modification of
surfaces with supramolecular biomimetic structures. For
example, polyelectrolyte complexes make it possible to create
hydrogel layers with desired properties.”*** Organometallic
frameworks, due to their properties, create interfaces for the
determination of small molecules and heavy metals.>>"**

In recent years for these purposes, fibrous textile materials
are used as the basis for the electrode substrate due to their
wearable property and biocompatibility.” Conductive fibrous
materials, which include carbon fiber, are widely used in the
field of electrochemistry due to their mobility, electrical
conductivity, environmental resistance, and the possibility of
low commercial cost. The possibility of using carbon adhesive
tapes® and carbon fibers*' was shown for the manufacturing of
potentiometric devices based on ISEs. Cotton thread-based
carbon black coated potentiometric sensors were found to
have a widespread application for the multiplexed analysis of
electrolytes and metabolites in blood.** Previously, we have
developed a portative platform based on a carbon fiber elec-
trode for Zn detection in blood and urine samples.*

We afforded the carbon fiber electrode as a substrate for the
ion-selective electrode with pseudo-liquid junction. Previous
studies have shown the possibility of immobilizing poly-
electrolyte nanolayers on the surface of a carbon fiber.** This
study demonstrates a new interface: hydrophobic carbon fiber -
hydrophilic layers of polyelectrolytes - hydrophobic ion-
selective membrane. This interface enables to propose the
potential method of correlation for COVID-19 with electro-
chemical measurements using ion-selective electrodes to
determine the sodium and potassium ion concentration change
in urine and blood serum (Fig. 1).

Results and discussion

Desired electroanalytical characteristics were achieved using
miniaturized ion-selective electrodes modified with poly-
electrolytes.*® The conducting materials, in particular different
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polyelectrolytes, are used as ion-to-electron transducers
primarily for creating solid contact ion-selective electrodes.**
However, the application of classical solid contact sensors with
ion-selective membranes for the medicine area is difficult due
to the necessary miniaturization of the design of problems with
the stability and reproducibility of the signal.** The most diffi-
cult problem in the design of ion-selective electrodes is the
increase in the charge transfer resistance. Additional limita-
tions for measuring the electromotive force of an electro-
chemical cell are imposed using inexpensive high-resistive
carbon-containing fibers. The difference between the resis-
tance values of the carbon fiber and the commercial Ag/AgCl
reference electrode can result in a “breakdown” in the electro-
chemical circuit, which causes an unstable analytical signal.
The carbon fiber-based reference electrode creates a symmet-
rical interface. This approach ensures the stability of the
measurement of the electromotive force. Therefore, the creation
of ion-selective electrodes with a pseudo-liquid internal solu-
tion based on polyelectrolytes and carbon fiber solves the above
problems. Polyelectrolytes are widespread in electrochemical
sensor various materials to modification of sensing layers.
These materials increase sensitivity, selectivity, and electronic
bonds with the sensor substrate, and they can mediate electron
transfer between an analyte and a transducer.*® In addition, the
conductive polymers have moderate biocompatibility, which
allows using them in biosensing.*® In this study, polyelectrolytes
were applied as modifiers of the working surface by layer-by-
layer (LbL) deposition. This approach based on the sequential
deposition of oppositely charged molecules due to electrostatic
interactions allows the formatting of ultrathin molecular films
with a wide range of functional possibilities.*” In addition, the
LbL assembly was successfully implemented on cation
exchange membranes.*® This approach provides high stability
during the sensor measurement and storage.*

As a conductive material, carbon fiber is an inexpensive,
commercially available, and promising material for creating
flexible devices. Also, carbon fiber materials promise good
biocompatibility, which is essential to make biosensors.*®

The electrode working surface was nanostructured with
a polyelectrolyte multilayer by the LbL assembly. As poly-
electrolytes, we set the poly(4-styrenesulfonate) (PSS) polyanion,
a strong polyelectrolyte, and the poly(ethyleneimine) (PEI) pol-
ycation, which has a highly branched structure and a high
density of positive charge, on a polymer base.**** The layers of
polyelectrolytes adsorbed on the carbon fiber surface form
a pseudo internal solution and act as an ion-electronic trans-
ducer. The adsorbed layers of polyelectrolytes retain water and
salts, which makes it possible to create the polyelectrolyte
hydrogel on the surface of the carbon fiber. The schematic
process of depositing polyelectrolytes on the carbon fiber is
illustrated in Fig. 2. Well-resolved carbon fiber/polyelectrolyte
complex/ion-selective membrane interfaces allow the detec-
tion of good adhesion of polyelectrolytes on the carbon fiber
surface as well as good adhesion of the ion-selective membrane
to the polyelectrolyte complex. PEI has a high affinity for
potassium ions. This affinity is not explained by the charge
compensation mechanism, but by the internal osmotic pressure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Scheme of the electroanalysis of ions in blood and urine by ion-selective sensors.
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Fig. 2 The carbon fiber modification by the polyelectrolyte LbL
assembly (a), common scheme of the ion-selective electrode (b).

that occurs in the polyethyleneimine layer.*> When the next
layer of PSS is applied to PEI, the complexation of poly-
electrolytes occurs. In this case, a part of potassium ions is
displaced, which is compensated by the fact that part of the
groups of PSS is also compensated by potassium ions. Chloride
ions are retained by the electrostatic compensation of the
amino groups of PEL The PEI/PSS layers of polyelectrolytes form
a charge-compensated complex.*® Thus, the carbon chains of
the polyelectrolytes provide adhesion to the hydrophobic
surface of the carbon fiber. Moreover, the resulting architecture
of polyelectrolytes allows the deposition of a hydrophobic ion-
selective membrane. In accordance with previous studies the
optimal design of the polyelectrolyte membrane was selected,
which contained 8 bilayers of PEI/PSS.** The mechanism
proposed by us made it possible to create a pseudo-liquid
internal reference electrode with a constant activity of

© 2021 The Author(s). Published by the Royal Society of Chemistry

potassium and chlorine ions, which is the main criterion for the
operation of ion-selective electrodes with a liquid connection.

The adsorption of the polyelectrolyte layer on the carbon
fiber surface was studied by scanning electron microscopy
(Fig. 3). Different areas were examined at different magnifica-
tions, from 500 um to 10 um. The diameters of the carbon fibers
were approximately 300 + 50 pm, the sizes of internal inclu-
sions along the periphery were about 5 + 3 pm and clusters up
to 20 £ 10 pm were observed in the central region. Individual
fibers, spherical clusters, and cubic structures were seen as
inclusions. Layers of the material with different contrast were
found around the fiber perimeter.

It was assumed that the detected layers were Ag paste, ISM,
and polyelectrolyte layer, which proved their adsorption on the
fiber. Approximate thicknesses of the observed layers: poly-
electrolyte layer —7 4+ 3 um, ISM —20 + 5 um, Ag paste —10 £ 5
um. The microsized thickness of the polyelectrolyte complex
indicates swelling, as well as effective adsorption on the surface
of the hydrophobic carbon fiber electrode. The thickness of the
ISM proved uniform adhesion on the surface of the

s

PEs

Ag paste

Fig. 3 The SEM images of the CF electrodes modified with poly-
electrolytes before (@ and b) and after (c) potentiometric
measurements.
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polyelectrolyte complex. The hydrophobic silver paste, due to its
suitable viscosity, provided a comparable layer thickness, thus
not being a resistance-limiting layer.

In particular cations, the potentiometric measurement of
electrolytes occurs due to the presence of an ion-selective
membrane, which includes an ionophore, which reversibly
binds a specific ion.

In each experiment, potassium and sodium ISEs were
immersed into solutions of the corresponding salts (KCl and
NaCl, respectively). The concentration of the solution was
changed in steps after each addition of the standard solution.
The potential values were monitored continuously by a poten-
tiostat. Electromotive force (EMF) was measured between the
working ISE and a commercial Ag/AgCl reference electrode.
Fig. 4(a and c) demonstrates the time diagrams of potentio-
metric response for the prepared carbon fiber-based ISMs of K
and Na ions when the concentration of the primary analyte
increased. The effect of layering in combination with an ion-
selective membrane has been discussed previously.** However,
a crosslinking method was used to enhance adhesion to the
hydrophobic membrane. The data (Fig. 4) demonstrated the
possibility of creating ion-selective sensors with a Nernst
response based on the proposed interface.

The potassium ion concentration ranges from 1.9 to 4.0 mM
and 3.5 to 5.5 in human urine and blood serum.** Na ion
concentration is in the range of 78.0 to 130.0 mM and 136.0 to
145.0 mM in human urine and blood serum.*® The sensitivities
of both ISEs were in the range from 10 to 1 M (Fig. 4b and d) -
limits of linearity (LOL). The limits of detection (LOD) and
quantification (LOQ) were 2.7 x 107> and 8.9 x 107> for
potassium and 2.1 x 107> and 6.9 x 10~ for sodium, respec-
tively. This allows to conclude that the electrodes provided
necessary measurements in biological fluids. With the carbon
fiber,* the normal blood serum zinc content (0.66 to 1.10 mcg
mL ") (ppm)* can be measured, which is important for COVID-
19. Here, we aimed at robust carbon fiber electrodes for sodium
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Fig. 4 Potentiometric response for potassium (a) and sodium ions (c)
on ISEs and corresponding calibration plots after addition of the
standard solution (y = —41.8x + 37.4,n=3,p=0.95; y = 43.2x + 186.0,
n=3,p=0.95) (b and d).
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and potassium ions in biofluids. The methods of the LbL
polyelectrolyte assembly allowed for achieving high sensitivity
and selectivity together with a robust response. The obtained
analytical characteristics proved the possibility of using
a miniaturized ion-selective system with a pseudo-liquid
compound for monitoring the content of potassium and
sodium ions.

Urine samples were prepared by previous dilution 10 times
by 0.1 M NH,CI] as a background electrolyte. Blood serum
samples were measured without previous preparation. The
results of the potentiometric measurements are demonstrated
in Tables 1 and 2. Previously, representative studies were
carried out to detect metal ions in human biological objects.™
From the huge data,’ we have selected the most representative
ones for comparison with the proposed method.

It was detected that potassium content was below normal
and sodium content was above normal in the studied samples.
The low potassium content in human organisms (hypokalemia)
has been referenced as a potential manifestation of COVID-19.
Potassium deficiency has been a common electrolyte distur-
bance in hospitalized COVID-19 patients.”* Measurement
resulting from real blood serum and urine samples showed
good correlation with the reference values. There was no
influence of the matrix effect on the analytical signal. Even
though the values obtained using ion-selective sensors were
coarser than those obtained for the reference method, they were
satisfactory for miniature sensor devices.

Normal blood serum potassium content is 136.5 to 214.5 ug
mL ™' (ppm).*

Normal blood serum sodium content is 3128 to 3335 pg
mL ™" (ppm).*

Normal urine potassium content is 1.9 to 4.0 mM.*

Normal urine sodium content is 78.0 to 130.0 mM.*®

The level of sodium in humans is also an essential indicator
of severity in COVID-19. It was discovered that hypernatremia is
very common in severe COVID-19.* The increased incidence of
hypernatremia seems to be associated with a significant water
loss during the disease.® The results obtained indicated
a correlation between micro and macro elements in the blood
and urine of patients with coronavirus. An imbalance in the
content of potassium and sodium in urine and blood is directly
related to changes in the content of zinc in patients with coro-
navirus. The increased zinc content maybe because the patients
were in severe and moderate degrees of the disease. Simulta-
neously, an imbalance of potassium and sodium indicates the
stage of the disease.

The results obtained were in good agreement with those
reported in the literature.’ This, in turn, allows us to conclude

Table 1 Results of potassium and sodium concentration measure-
ments in urine samples (n = 3, p = 0.95)

Urine sample Cy:, mmol L™! Cy+, ppm Cnat, mmol L' Cyar, ppm

1 1.41 + 0.27 55+ 3 134.6 £ 0.4 3096 + 28
2 1.81 + 0.64 71+ 2 154.7 £ 0.8 3557 £ 17
3 1.87 £ 0.57 73+£3 153.2 £ 0.5 3523 £ 25

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Results of potassium and sodium concentration measure-
ments in blood serum samples (n = 3, p = 0.95)

Blood sample Cy:, mmol L™' Cy+, ppm Cygt, mmol ™' Cyar, ppm

1 3.25 £0.15 127 £4 214.8 £ 0.6 4940 + 25
2 1.33 £ 0.24 52+7 189.4 £0.9 4356 + 37
3 1.42 £0.26 55+2 190.5 £0.1 4381 + 15

about the possibility of using the proposed sensors to deter-
mine the content of sodium and potassium in the blood and
urine of patients with diagnosed coronavirus infection to assess
their condition.

Experimental section
Materials and methods

Chemicals and materials. Urine samples were obtained from
Children's City Clinical Hospital No. 5 named after N.F. Filatov
(Saint Petersburg, Russian Federation). Blood serum samples
were obtained from L.M. Sechenov First Moscow State Medical
University (Moscow, Russian Federation). Valinomycin (potas-
sium ionophore I), 4-tertbutylcalix[4]arene-tetraacetic acid tet-
raethyl ester (sodium ionophore X), potassium tetrakis(4-
chlorophenyl)borate (KTpCIPB), 2-nitrophenyl octyl ether (o-
NPOE), bis(2-ethylhexyl)sebacate, poly(vinyl chloride) high
molecular weight (PVC), hyperbranched poly(ethyleneimine)
(PEI, MW = ~750 000, 50% (w/v) solution), poly(sodium 4-
styrenesulfonate) (PSS, MW = ~1 000 000), tetrahydrofuran
solution (THF, 45% in H,0) and sodium chloride (NaCl) were all
purchased from Sigma-Aldrich(USA). Potassium chloride (KCI)
and ammonium chloride (NH,Cl) were purchased from Len-
Reactiv (Russia). CFs with 250 g m~> of area density were
produced by M-Carbo (Minsk, Belarus). Silver conductive glue
(Kontakt, Keller) was purchased from local stores. All solutions
were prepared using DI water (18.0 MQ cm, Milli-Q gradient
system, Millipore, Burlington, MA).

Fabrication of the ISM

The potassium ISM containing 1.0 wt% of valinomycin (potas-
sium ionophore I), 0.5 wt% of potassium tetrakis(4-
chlorphenyl)borate, 49.0 wt% of PVC, and 49.5 wt% of bis(2-
ethylhexyl)sebacate. The sodium ISM containing 0.7 wt% of 4-
tertbutylcalix[4]arene-tetraacetic acid tetraethyl ester (sodium
ionophore X), 0.2 wt% of potassium tetrakis(4-chlorphenyl)
borate, 33.0 wt% of PVC, and 66.1 wt% of 2-nitrophenyl octyl
ether. The membranes were prepared by dissolving the mixture
into 1.5-2 mL of THF. ISM coatings were prepared by ten-fold
drop-casting onto the electrode. The membranes were dried
for 24 h. The electrodes were conditioned in a proper saline
solution for 24 h before the measurements.

Modification of the ISEs

The nanostructuring of the electrode surface was carried out by
the layer-by-layer deposition of polyelectrolyte solutions. A
polyionic film was applied to the working surface of the carbon

© 2021 The Author(s). Published by the Royal Society of Chemistry
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fiber over a layer of silver. Layers of positively charged PEI and
negatively charged PSS were applied from water solution with
a polyelectrolyte concentration of 2 mg mL™" to modify the
sodium electrode and from the solution of 1 M KCI for potas-
sium. For the deposition of each layer, the surface was kept for
30 s at room temperature in a polyelectrolyte solution. The fiber
was washed with water between the depositions of the poly-
electrolyte layers.

Potentiometric measurements

Measurements of the electromotive force were carried out using
a Potentiostat/Galvanostat SP-50 (Electrochemical Instruments,
Russia) in a standard two-electrode cell at room temperature (23
°C). The CF-based ISE was used as the working electrode and an
Ag/AgCl commercial electrode as the reference one.

Scanning electron microscopy

The measurements were carried out on a scanning electron
microscope (SEM) Inspect (USA, FEI) in a vacuum at a pressure
of about 1072 to 10~* [Pa] and an accelerating voltage of 20 [kV].
Carbon fibers were placed with their end face towards the
scanning plane (before that, a fresh cut was made in the
transverse plane to visualize the internal structure) to study the
polyelectrolyte's internal structure; a conductive carbon adhe-
sive tape was used for fixation. The measurements were carried
out with thermionic emission of electrons from the W cathode
and detection of secondary electrons (Everhart-Thornley
detector).

Real sample object ethical statement

The present study was performed in agreement with the ethical
standards set in the Declaration of Helsinki (1964) and its later
amendments. Informed consent was obtained from all persons,
who were involved in the study.

Conclusions

We have shown the possibility of measuring the content of
potassium and sodium ions in urine and blood without
preliminary sample preparation due to use of methods for the
surface nanostructuring of carbon fiber via LbL polyelectrolyte
complexation. The proposed method for creating a charge-
compensated polyelectrolyte complex made it possible to
improve the adhesion of a hydrophobic ion-selective membrane
on the polyelectrolyte-modified surface. The Nernst-responsive
interface was demonstrated for the miniature sensor system.
The sensor system based on a polyelectrolyte complex showed
the possibility of simultaneous detection of potassium and
sodium ions. Analysis of real samples showed no influence of
the matrix effect on the analytical signal. Biomimetic and
supramolecular architectures will increasingly be used in the
future to create complex interfaces with predicted properties. In
addition, correlating sodium and potassium as well as the
previously shown blood zinc allowed measuring ions without
expensive instruments. In the future, measurements using
electrodes without preliminary sample preparation can reduce

RSC Adv, 2021, 11, 36215-36221 | 36219
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the analysis time. The use of miniature ion-selective sensors will
allow detecting the disease itself and the degree of its course. In
turn, this will provide a fast and preventive medical care.
Miniature ion-selective systems will enable the collection of
large data in the future, and, in combination with trace element
data, enable early diagnosis and rapid monitoring in particular
during pandemic situations.
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