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This article describes a fast and simple electrochemical assay for detecting cell concentration. After cell
death, the membrane of cells will be broken, and DNA molecules contained in the cells will be released,
but this does not happen in living cells. Sodium molybdate can react with the phosphate backbone of the
released DNA molecules to form phosphomolybdate precipitation and produces a corresponding redox
current. The higher the concentration of DNA, the stronger the intensity of the current generated. Sodium
molybdate solution and centrifuged cell supernatant were added onto the glassy carbon electrode to
determine the cell concentration by measuring the current intensity. The cell viability, which means the
ratio of living cells to the total cells, can also be determined by this method. This assay has the advantages
of high sensitivity, low detection limit, and wide detection range. In addition, this method was
successfully applied to the detection of cell concentration in human serum, which has potential clinical
applications.
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Cell is the most basic structural and functional unit of the
organism, and they are also the basic units that constitute human
tissues and organs [1]. Abnormal cell concentration and viability
can lead to abnormal function of human tissues and organs which
will eventually lead to pathological changes. For example, the
increase of white blood cell concentration usually indicates an
infection [2], and the concentration of T lymphocytes in the
internal environment reflects the immune status of human body
[3]. Therefore, the detection of cell concentration and viability is
important for determining the growth state of cells, tissues, organs,
and the state of health of human body.

Traditional cell concentration detection is mainly based on cell
counting under the microscope. One of the most classic is the cell
counting plate method [4]. Cell counting plate method is simple in
operation, but it has a narrow detection range. If the concentration
of the cell suspension is lower than 10*/mL, the number of cells
cannot be measured by this method. Another method for detecting
cell concentration is flow cytometry. It is a rapid quantitative
analysis of individual cells or other biological particles by using
monoclonal antibodies at the cellular and molecular level [5].
However, due to its complicated operation procedure, high cost,
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and high technical requirements for operators, the widespread use
of flow cytometry has been limited. Therefore, the development of
asimple and high sensitive method for detecting cell concentration
with wide linear range is of great importance.

Electrochemical analysis is a type of instrumental analysis
based on the electrochemical properties of the substance [6-12]. It
has the advantages of high sensitivity, wide detection range and
simple operation. Previously, our group reported in acidic solution,
phosphate ions can react with molybdate to form phosphomo-
lybdate precipitation and produce a corresponding redox current.
Here is the chemical equation of this redox reaction (Eqs.1-3) [13-
15]:

12Mo0042~ + 24H* + PO~ - PM0;,049>~ + 12H,0 (1)

PMo015040>~ + 2e + 2H* — HoPMo0,Y Mo1o"" 040>~ (2)

HoPMo,Y MoqoY! 0493~ + 2e + 2H — H4PMo,Y Mog"' 040~  (3)

The intensity of the current generated is proportional to the
concentration of phosphate ions. The single deoxynucleotide that
make up the structure of the DNA molecular contains one molecule
of deoxyribose, one molecule of nitrogenous base and one
molecule of phosphoric acid. Our previous work has successfully
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Scheme 1. Schematic representation for the detection of cell concentration.

used DNA as electrochemical current generator to detect cancer
biomarkers [16,17].

Cell death can be divided into two ways, cell necrosis and
apoptosis [18-21]. Cell necrosis is a passive death caused by
environmental factors, such as physical or chemical factors. Cell
apoptosis is an active death process of cell controlled by genes.
Both ways can break the cytoplasmic membrane, which causes the
release of DNA molecules. Here, we studied an electrochemical
assay for measuring the concentration of cells. Heat treatment was
used to kill the cells, and then the supernatant of cells that
containing the released DNA was collected by centrifugation and
reacted with sodium molybdate solution under acidic conditions.
The concentration of the cells was determined by measuring the
current intensity. Because the cytoplasmic membrane of living
cells is intact, there is no DNA released, therefore, the viability of
the cells can also be determined by this method. This electro-
chemical assay is simple, time efficient and has the advantages of
high sensitivity, which can be widely used in various scientific
research fields such as disease diagnosis and drug screening. The
detailed experimental procedures are shown in Supporting
information.

Hela cells can divide indefinitely and have a higher proliferation
rate than other cancer cells [22-26]. So in this experiment we
choose Hela cells as the object of detection. Scheme 1 shows the
schematic representation for the detection of cell concentration.
We stained the cells with propidium iodide (PI) and SYTO TM 9. The
propidium iodide released red fluorescence after embedding into
double-stranded DNA, which stained the dead cells in red [27-29];
while SYTO TM 9 stained the living cells green. Fig. 1a shows the
morphology of living cells under bright light. It can be seen that the
cells are attached to each other, and there are clear boundaries
between the cells. Fig. 1d shows the morphology of the heat treated
cells under bright light. It can be seen that the cells are broken and
have no specific shape, and the cell fragment are aggregated
together. Figs. 1b and c show the results of fluorescent staining of
living cells, and Figs. 1e and f show the results of fluorescent
staining of cells after heat treatment. It indicates that the method
of heat treatment can effectively kill cells.

In order to confirm that the Hela cells are ruptured and DNA
molecules are released after heat treatment, we characterized the
supernatant of the heat-treated cells by UV-vis spectroscopy. DNA
has a strong absorption peak at 260 nm and can be used to detect
DNA qualitatively. The quantitative analysis of DNA can be
performed by measuring the peak intensity at 260 nm.

We took a certain concentrations of cell suspension for heat
treatment. The UV absorption spectrum of the supernatant is
shown in Fig. 2. It can be seen that it has a distinct ultraviolet
absorption peak at 260 nm, and the peak intensity is positively
correlated with the cell concentration, indicating the release of
DNA from cells.

-
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Fig. 1. Fluorescence inverse microscope images of hela cells: (a) Living cells under
bright light; (b) Fluorescence from SYTO-9 in living cells; (c) Fluorescence from Pl in
living cells; (d) Dead cells under bright light; (e) Fluorescence from SYTO-9 in dead
cells; (f) Fluorescence from PI in dead cells.
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Fig. 2. UV-vis spectrum of suspension of different concentrations of Hela cell. The
inset is the relationship between adsorption intensity at 260 nm and concentration
of cells. The concentration of cells from a to f: 0 x 10°, 2 x 10°, 4 x 10°, 6 x 10°,
8 x 10°, 10 x 10° cells/mL respectively.
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Fig. 3. Cyclic voltammetry curves: (A) reaction of 0.9% NaCl solution with
molybdate (curve a), reaction of dead cell supernatant with molybdate (curve
b); (B) reaction of living cell supernatant with molybdate (curve a) and reaction of
dead cell supernatant with molybdate (curve b).

After cell death, the DNA molecules released from dead cells
while the living cells don not have this phenomenon. Sodium
molybdate reacts with phosphate group on the DNA molecule to
form phosphomolybdate precipitate, which produces a redox
current. Living cell supernatant and dead cell supernatant were
mixed with 5 mmol/L sodium molybdate solution and tested by
cyclic voltammetry (Fig. 3) as well as square wave voltammetry
(Fig. 4). The results show that the current generated by control
sample (0.9% NaCl solution, used to dilute cells) and living cell
supernatant is very small, while the dead cell supernatant clearly
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Fig. 4. Square wave voltammetry curves: (A) reaction of 0.9% NaCl solution with
molybdate (curve a), reaction of dead cell supernatant with molybdate (curve b); (B)
reaction of living cell supernatant with molybdate (curve a) and reaction of dead
cell supernatant with molybdate (curve b).
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Fig. 5. Square wave voltammetry curves for detection of different concentrations of
cells. The inset is the calibration plot. The concentration of cells from a to e: 107,102,
10%, 104, 10° cells/mL.

produces strong redox current. Two pairs of redox peaks are shown
at around 0.20V and 0.36 V in both of the cyclic voltammetry and
square wave voltammetry curves. This indicates that the NaCl
solution does not react with sodium molybdate to generate
electrochemical current as the NaCl solution does not contain DNA
molecules, and then does not contain phosphate groups. The
supernatant of living cells also does not contain DNA. However, the
DNA released by the dead cells reacts with sodium molybdate and
generated electrochemical current. Also, the modified electrode
shows good stability. These results suggest that we can detect the
cell concentration by detecting the concentration of DNA in the
supernatant of dead cells, and then we can also detect the viability
of cells.

After cell death, the concentration of DNA released from the cell
is proportional to the concentration of the cell, and the current
intensity induced is proportional to the DNA released. Therefore,
we can measure cell concentration by measuring the electrochem-
ical current intensity.

Different cell concentrations, from 10, 102, 103, 10% to 10° cells/
mL were heat treated for 30 min, centrifuged to obtain cell
supernatant and then mixed with sodium molybdate solution on
the surface of the glassy carbon electrode for 20 min. The induced
current was measured by square wave voltammetry. The results
are shows in Fig. 5. It can be seen that the induced current intensity
at 0.2V is proportional to the concentration of the cells, and the
detection range is from 10! to 10° cells/mL (R?=0.998) with
detection limit calculated to be 1.21 cells/mL. We also studied the
reproducibility of the assay, as shown by the error bars of the
standard curve in Fig. 5, the sensor has a good reproducibility and
the relative standard deviations (RSD) are within 4.8%.

To prove potential clinical application of the assay, a recovery
test was performed in human serum samples. The reaction of
diluted blank serum and sodium molybdate produced a current
intensity of 0.47 pA. Different concentrations of cells were added
into the serum sample and then analyzed. The current intensity
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Fig. 6. Compare current intensities of cells measured in the 0.9% NaCl solution with

those measured in serum. For the current intensities of cells measured in serum, the
current value of the blank serum was subtracted.

Table 1

Detection of cell concentration in human serum.
Added cells (number/mL) Found (number/mL) Recovery (%) RSD (%)
100 105 104 3.99
500 507 101 4.57
1000 1047 104 3.70
5000 5128 102 3.58
10000 9977 99.7 1.61

generated increased proportionally with the addition of cells. After
subtraction of the current value of the blank serum, the resulted
current intensities are basically consistent with current intensities
of the same concentrations of cells measured in the 0.9% NaCl
solution (Fig. 6). The calculated recovery rates of cells in different
concentrations were 99.7%—104.9%, and the relative standard
deviations (RSD) were <5%. As shown in Table 1. This indicates that
the assay has potential clinical application value.

In conclusion, we developed an electrochemical assay for rapid
detection of cell concentration. It is based on the reaction of DNA
released from dead cells with sodium molybdate to form redox
precipitate and generate electrochemical current. This assay has
wide detection range, high sensitivity and does not require
complex operation. Detection limit can be as low as 1.21 cells/
mL and the assay was successfully applied for detection cell in
human serum, which indicated the assay has potential clinical
applications.
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