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Abstract: In this paper, as an application in biometrics, the electrical capacitance of normal and
cancerous blood samples is experimentally determined in order to test the null hypothesis that the
electrical capacitance of the two samples differs. The samples taken from healthy donors and patients
diagnosed with different types of hematologic cancer are examined by a cylindrical capacitor with
blood as its dielectric. The capacitance of these samples is measured at room temperature and a single
frequency of 120 Hz, well below the frequency where B-dispersion starts, using a simple LCR meter
device. The measurements indicate that the capacitance of the blood increases under applied electric
field for a short period of time and asymptotically reaches its steady-state value. The measured
values for the healthy group agreed with previous data in the literature. By the use of the unpaired
two-tailed T-test, it is found that cancerous blood has higher values of capacitance when compared
to normal samples (p < 0.05). The reasons that might lead to such alterations are discussed from a
biological perspective. Moreover, based on correlation calculations, a strong negative association is
observed between blood capacitance and red blood cell (RBC) count in each group. Furthermore,
sensitivity (SE) and specificity (SP) analysis demonstrates that for a threshold value between 15 and
17 for the capacitance value, both SE and SP are 100%. These preliminary findings on capacitance
values may pave the way for the development of inexpensive and easy-to-use diagnosis tools for
hematologic cancers at medical facilities and for in-home use, especially for children.

Keywords: blood characterization; cancer detection; biometrics; biosensor; pediatric cancer

1. Introduction

The electrical properties of human blood, including its cells, can be representative of abnormalities
in the body. Hence, the investigation of these properties has received much interest during the last
few decades. Both the electrical and mechanical properties of blood are functions of the combined
effects of hormones, vitamins, ions, glucose, bacteria, proteins, oxygen, and other chemicals that
compose it. Diseases are usually accompanied by changes in the level or function of these factors,
which, in turn, could alter the electrical properties of their environment. Hence, knowledge of these
properties can open up new avenues for the prognosis and treatment of different diseases, as well as
for understanding biological processes on microscopic and macroscopic levels.

Several methods including biological impedance, dielectric, admittance, conductance, and light
transmission measurements have been introduced to correlate electrical characteristics to the blood
behavior. In a review by Xu et al. on impedance techniques for live biological cells, three main methods
were identified: (1) impedance flow cytometry, (2) cell substrate impedance sensing, and (3) impedance
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spectroscopy [1]. All these methods are label-free and non-invasive. The first two perform a single
frequency impedance measurement, while the third one measures impedance at multiple frequencies,
yielding more information about the electrical properties of cell parts. However, frequency sweeping
takes time, and for applications where quick characterization is desirable (as is the case of this study),
this method is not preferable. Impedance flow cytometry is the method of choice for cells in suspension,
as in the blood or in a microfluidic device.

Besides the above methods, classical impedance measurement of blood using electrodes or probes
was reported in [2-4] and more recently in [5,6]. The dielectric properties of blood can be extracted
from the measured impedance data. These studies usually involve measuring impedance at multiple
frequencies [4,7] and have been used to monitor the short term behavior of blood (e.g., coagulation [2])
or its long term properties (e.g., glucose content [6] or viscosity [4]). A triple frequency measurement
method was proposed by Zhao et al. to collect resistivity and capacitance data from the blood
simultaneously [3]; however, as will be shown in this study, when only permittivity evaluation is
intended, a single frequency measurement would suffice.

Some studies have focused on single cell, dielectric characterizations to monitor pathological
behavior. For instance, How-Wang et al. employed a microfluidic device and an impedance
spectroscopy system to study the electrical properties of HeLa cells (an immortal human cell line)
including their permittivity and conductivity under a specified range of frequencies and voltages [8].
Accompanying the experimental results with simulations, they were able to devise a model for permittivity
and conductivity values for these cells at different frequencies and voltages. Impedance measurement has
been applied in the detection of tumor cells as well. Nwankire et al. measured the impedance of a group
of ovarian cancer cells (SKOV3) using an electrochemical lab-on-a-disc device. They applied different AC
amplitudes to measure impedance changes during cell capture [9].

Dielectric and other passive electrical properties of different blood cells and their components,
such as erythrocytes, cultured cells, lipid vesicles, enterochromaffin cells, and glucose have been
also investigated. In these studies, the properties of the aforementioned substances at various radio
frequencies and their dependence on blood medium, its composition, and the shapes of its cells have
been examined [10-14]. Dielectric techniques are also powerful tools for studying multiple stages of a
cell’s lifecycle (mitosis, differentiation,traumatic death, apoptosis) [15].

Dielectric measurements are sometimes carried out by concentrating on blood conductivity rather
than permittivity. For example, Baskurt et al. monitored the changes of conductance by recording
electrical conductance and light transmission signals for red blood cells (RBCs) to study the effect of
RBC aggregation during blood flow stoppage [16]. They were able to show that the time responses of
conductance and light transmission were similar during the course of their experiment. Jung et al. also
worked with conductance as their measured parameter to characterize hematocrit, which could be a marker
for cardiovascular diseases [17]. They defined a specific bipolar, square-wave voltage signal and a blood
flow rate in which the unwanted effects of erythrocytes, plasma, and blood cells on the conductivity and
capacitance of whole blood were minimized. In such a condition, they were able to measure the hematocrit
ratio of RBCs’ volume to the whole blood volume more precisely, using a single frequency.

As can be deduced from the works considered up to this point, some studies focused on individual
cells, while others treated the blood as a whole. In the former (microscopic) approach, one of the
limitations that exists in the way of blood study is associated with the microscopic description of the
blood response to the electric field due to the complex network of micro-organs within it. Hence, most
of the time, the later (macroscopic) approach is exploited to inspect the net results of the phenomena
occurring on microscopic levels. It is important to mention that the electrical properties of blood, besides
its main factors, also depend on the external environment conditions like temperature and applied
frequency, as well as lighter particles (compared to RBCs and white blood cells (WBCs) and chemical
substances) [18-20].

On frequency dependency, Schwan considered the electrical properties of blood for a relatively
wide range of frequencies and discussed the reasons for the dispersive trend of some of these properties
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within three regions of relaxation [21]. The author identified three major dispersions in biological
tissue on the permittivity-versus-frequency plot at different frequencies: &, 8, and v, as well as a minor
dispersion, 4. This categorization of dispersion for human tissues, at a macroscopic level, is still in use
today [22], and it is not yet well known why blood does not exhibit a-dispersion.

The studies that have been done based on dielectric properties exploited disparate methods
like dielectric spectroscopy (as mentioned above), non-equilibrium thermodynamic nanosecond,
and Cole—Cole relaxation modeling to investigate the behavior of whole blood, such as its dependence
on hematocrit value, polarization effects, its properties in different dispersion regions, and the poration
and swelling of erythrocytes [13,23-25]. As a case in point, in order to demonstrate the relation between
the conductivity of blood and erythrocyte concentrations, Hirsch et al., along with other colleagues,
built and tested an apparatus for the measurement of conductivity. Furthermore, they showed that
measuring the conductivity of cells by an appropriate design could overcome the challenges that exist
in determining a true and agreed value for the whole blood conductance [26].

Applications of the electrical characterization of blood are multifarious. For example, Gong et al.
introduced an impedimetric technique that was useful for detecting internal bleeding of the eye [27].
In 2010, Abdalla et al. used a microfluidic device and compared the electrical behavior of normal and
diabetic blood samples from 20 diabetic patients and 10 healthy subjects [28]. A difference was shown
both in the electric dispersion and relaxation time of the two types of blood samples, showing how the
diabetic status of blood is reflected in its dielectric behavior.

The present contribution aims to give a simple biometric approach for measuring the capacitance
of blood samples for the application of pediatric cancer detection. This method is comparable
with classical impedancemetry techniques [2—4], but what is novel in this work, in addition to its
unprecedented application, is the use of a cylindrical capacitance for a simple conversion from
impedance to capacitance and, then, to the dielectric constant. As shown in [28] and other similar
works, at low frequencies, the difference between the dielectric constant of normal and abnormal
blood is more significant than that at high frequencies. Thus, at low frequencies, permittivity may be
used as a criterion to differentiate a healthy and normal condition from an abnormal (cancerous) one.
Subsequently, as a fast and read-to-apply method, the measurements in this work are intentionally
carried out at a single frequency (120 Hz), well below the first dispersion region, as reported in [23],
and where the associated permittivity values lead to large enough capacitance values, measurable
by the inexpensive LCR device used to collect the data. It will be shown that abnormal samples
consistently have higher dielectric constant values at the selected frequency.

Studies with a similar idea have been done in recent years for adult patients with lung and breast
cancer [29-32]. The idea presented in this work has several novelties and advantages over the previous
ones: (1) it focuses on hematologic cancers (not reported before) in children; (2) it macroscopically
measures whole blood (not blood components) at low frequencies (which enables the development of
inexpensive systems); and (3) it offers a simple, self-made device (a cylindrical capacitor) to carry out
the measurements. The rest of the paper is outlined as follows: Section 2 describes the devised capacitor
and the experiment procedures; Section 3 presents the results and their analysis; Section 4 is dedicated
to discussing the reasons behind electrical changes in cancer cells and the study limitations; finally, in
Section 5, the findings of this study are concluded, and the next steps are outlined.

2. Materials and Methods

In this section, the experiment layout, the experimental method, and the collected data are presented.

2.1. Setup

A cylindrical capacitor was built to measure the capacitance of the samples as follows: Two acrylic
cylinders with diameters of 4 = 1.5 cm and b = 2.1 cm and equal heights of iy = 1.5 cm were
concentrically pasted to a wooden base using chloroform. As chloroform is a strong solvent, it melted
and welded the wood and acrylic. In this way, a precise sealing was achieved that guaranteed no blood
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leakage from the device. Copper sheets of 0.1 mm in thickness (i = 1 cm) were attached to the inside
of the outer cylinder and the outside of the inner cylinder via a commercial adhesive (“123” glue) to
make them conductive. In the final stage, thin wires were brazed on copper sheets. The built capacitor
and a 3D model of it are shown in Figure 1. According to Gauss’s law, such a cylindrical capacitor has

a capacitance of: [33]
_ 2mtkegh

" in@/a) W

in which k is the relative permittivity (or dielectric constant) of the dielectric medium, €y is the vacuum

permittivity, and £, a, and b are defined above. This formula can be used to find the relative permittivity
Cln(b/a)
2megh

of different blood samples (i.e., k = ) so that they can be compared with the values reported in

the literature.

a=2.1cm acrylic

copper

(h=1cm b=15cm

chloroform

hyg = 1.5 cm

(@) (b) ©

Figure 1. (a) Schematic model of the designed device and the main dimensions. (b) Two cubic
centimeters (cc) of blood samples in an EDTA tube. (c) Cylindrical capacitor with a volume of two cc
and collected blood samples as its dielectric material.

2.2. Experiment and Data Collection

Samples were obtained from 20 children—12 cancer patients and 8 healthy subjects—between
8 and 18 years old. None of the cancer patients had started treatment at the time of blood draw,
and thus, in this way, any possible effect of chemotherapy drugs on blood was avoided. The parents of
all the subjects were informed and consented to the use of blood for research. The samples were well
shaken and then injected into the device via a syringe (Figure 1c). Afterwards, wires were connected to
a digital LCR meter. The circuit type was set to auto mode (series) at a frequency of 120 Hz (Figure 2).
Initially, the capacitance of distilled water was measured at 25 °C as a reference. This number was
equal to 1.1 pF, which, according to Equation (1), is equivalent to a dielectric constant of 4.43 x 10°,
in agreement with the values reported in [34], at very low frequencies. For samples, capacitance values
were read at intervals of 5 min. These numbers are shown in Table 1 for 12 abnormal (Group A) and
8 normal (Group B) samples. The samples of patients diagnosed with acute lymphocytic leukemia
(ALL) are distinguished with asterisks beside their associated number. In Figure 3, the diagram of
capacitance value versus time is represented. As observed, after passing 15 min, the amounts reached
relatively steady numbers and the variations remarkably decreased. Therefore, these numbers were
considered as the final capacitance value for each sample. An exponential curve was fitted to each
dataset for better representation of the behavior of capacitance value changes.
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Figure 2. Capacitance measurement of a cancerous blood sample (Sample #7 in Table 1; note the values on

the screen). (a) At the start time of the experiment; (b) after 5 min; (c) after 10 min; (d); after 15 min and

later on.

Table 1. Capacitance values of the studied blood samples alongside with their blood factors extracted

from the complete blood count (CBC) test. The asterisk besides the sample numbers indicates the

samples with acute lymphatic leukemia (ALL). Legend: #: sample number, A: cancerous sample group,

B: normal sample group, C: capacitance, k: dielectric constant, F: female, and M: male.

4 Sex RBC WBC PLTs C (uF) C (uF) C (uF) C (uF) k
(x103uL) (x10°uL) (x103ul) att=0 att=>5min att=10min atf=15min (x10%)

A

1 F 3.36 16.35 30 16 17 18 18.8 114
2 M 3.11 23.5 7 11 18 23.3 27.2 16.4
3 M 3.13 22 26 11.5 20.8 24.5 26.3 15.9
4 F 3.89 49 18 11.7 194 23 25.5 15.4
*5 F 3.73 59 9 17.7 18.3 19 20.3 12.3
6 M 3.8 31.2 49 7 18.3 21.5 22.2 134
7 M 3.62 3.9 14 10.3 129 17.3 20.6 12.4
8 F 4.63 6.7 241 12.7 152 16.8 18 10.9
9 F 5.45 12.6 183 159 16.7 16.8 17.1 10.3
10 M 423 5.8 285 16.1 169 17.2 18.4 111
11 M 418 8.2 166 9 18.4 19.7 21.7 13.1
12 F 5.18 6.2 164 13 222 24.4 25 15.1
B

13 F 4.52 6.1 201 57 7.7 10 10.4 6.3
14 M 4.64 9.1 286 15 4.4 6.9 8.4 5.1
15 M 5.71 114 243 4.4 7.8 9.2 10.4 6.3
16 M 4.57 55 294 1.7 48 6.8 9 5.4
17 F 4.4 58 262 6.1 6.9 7.7 8.5 5.1
18 F 4.75 8.6 211 9.5 10.2 10.7 11.3 6.8
19 M 5.19 6 220 21 10.8 11.8 12.8 7.7
20 M 3.91 8.7 123 12.1 12.8 13.8 14.6 8.8
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Figure 3. Diagrams of the capacitance versus time for the examined (a) cancerous (Group A) and
(b) normal (Group B) samples. The plots were fitted to the data using MATLAB’s “cftool” with a
general exponential equation. As can be observed, there is a clear difference between the two groups in
the range of steady-state capacitance values.

3. Results

Referring to Table 1, when capacitance values were cross-compared, it was seen that the final
capacitance of each normal sample was lower than that of each cancerous sample. Furthermore,
these numbers converged to approximately specific amounts between 8 and 15. On the other side,
cancerous blood samples indicated higher capacitance values with a convergence range of 17 and
27. One can observe the difference in the significance of the numbers associated with healthy and
cancerous samples. To prove that these two datasets were significantly different, an unpaired two
tailed T-test was carried out, and it was shown that when the 12 abnormal and 8 normal samples were
considered, the p-value was close to zero (= 2 X 10~7), well below 0.05. The same was true when only
ALL samples were compared with normal samples (p = 0.0005 < 0.05). It is worth noting that the
obtained dielectric constants at 120 Hz (last column of Table 1) for the healthy blood samples agreed
with the values reported in the literature [23].

Now that it has been shown that there is a significant difference between the two groups,
a sensitivity-and-specificity analysis can be conducted. In order to do that, first, one must set a
threshold v (or gold standard) for the value of the capacitance such that for all C; > vy, with C¢
denoting the final value of capacitance, a cancerous diagnosis can be made, and else, the blood can
be identified as non-cancerous. The definitions of sensitivity (SE) and specificity (SP), respectively,
are [35]:

TP

SE= 15 EN (22)
TN

SP = P rTN (2b)

where TP, TN, FP, and FN denote true positive, true negative, false positive, and false negative, in order.
Based on the results in Table 1, for any 7 € [15 17|, both SE and SPwere 100%. For a select number of
other 7 values, Table 2 shows the respective SE and SP values. A higher bound for the capacitance of
the cancerous samples and a lower bound for the capacitance of the non-cancerous samples cannot be
determined before more data on a wide variety of cancer types is collected.

As for sex, the same T-test analysis for males and females revealed that for the whole sample set,
Group A, and Group B, respectively, p-values were equal to 0.32, 0.23, and 0.40. These numbers clearly
show that the capacitance value was not associated with sex. In accordance with a previous report on
children and adolescents [36], the mean value of RBC count in female subjects was less than that of



Electronics 2020, 9, 95 7 of 16

male subjects for the healthy group. The same was true for the patient group: Group A, males: 4.15,
females: 3.90; Group B, males: 4.80, females: 4.56.

Table 2. Sensitivity (SE) and specificity (SP) analysis on the data presented in Table 1 for different
values of v (gold standard).

v Cokr Eijﬁg&‘é;“g TP FN TN FP SE  SP
1517 9081028 12 0 8 0 100% 100%
18 109 1 1 8 0 9% 100%
20 12.09 8§ 4 8 0 6% 100%
22 13.30 5 7 8 0 42% 100%
14 8.46 12 0 7 1 100% 88%
12 7.26 12 0 6 2 100% 75%
10 6.04 12 0 3 5 100% 38%

Though the goal of this study was to merely compare the capacitance values of cancerous and
healthy blood samples, it would be interesting to see whether the amount of blood factors was related
to the value of the measured capacitance or not. In Figure 4, the amounts of RBCs, WBCs, and platelets
(PLTs) extracted from complete blood count (CBC) are presented. These blood factors are the most
important indices for the diagnosis of certain types of cancer like leukemia. They can be directly
affected by cancerous mutations especially in later stages. RBCs account for 42-45% of blood volume,
and WBCs occupy 1% of it. WBCs, as immune cells, in spite of their low volume percentage, have
a critical role in cleansing the body by attacking and absorbing any invading agent. Thus, they can
experience unbalanced conditions facing cancer cells.

32 32
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g 22 g 22
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Figure 4. Diagrams of the three main blood factors of the examined samples, versus the measured
capacitance. (a) White blood cells (WBCs). (b) Red blood cells (RBCs). (c) Platelets (PLTs). The inset in
(c) depicts the values for ALL samples from a closer view. The samples from patients whose cancer
was diagnosed to be other than ALL (Subjects 8-12 in Table 1) are denoted on the plots by “non-ALL".

However, the data showed that the increase in capacitance was not associated with the amounts
of WBCs, most probably due to their small numbers relative to RBCs. The average and standard
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deviation of these factors for both groups are calculated in Table 3. The standard deviation for WBC
and PLT data was considerably large relative to their mean values, and thus, the means of these two
factors cannot be meaningfully compared for normal and abnormal samples. However, for the RBC
data, the standard deviation was meaningful, showing that normal samples had a slightly higher RBC
mean value than cancerous samples. This was more significant when ALL samples were considered
separately, as shown in the second column of Table 3. The ratio between the mean RBC values of
abnormal samples and normal samples was 0.85. This number was 0.75 when only ALL samples were
considered, and this was consistent with the low hemoglobin count observed in patients diagnosed
with leukemia.

The capacitance mean values for all samples are also calculated in Table 3, and as can be observed,
the ALL samples, which had lower mean RBC counts than those of normal samples, had higher mean
capacitance values compared to normal samples. Moreover, the correlation between capacitance values
and each factor was calculated, and it was found that capacitance values and both RBCs and PLTs
were significantly associated in each group. Still, as PLT data had a large standard deviation, the
observed correlation might not be reliable. For equal amounts of RBCs (for example, Sample #8 and
Sample #14 or Sample #4 and Sample #20), the capacitance value was still larger for the cancerous
blood. Since the number of samples was limited, drawing a conclusion about the relationship between
RBCs and the capacitance of blood samples might be difficult at this point, even though the correlation
values exhibited a strong association. More investigation is required to test the relation between the
two factors.

As mentioned, the data of WBCs and PLTs appeared to be sporadic, and therefore, a relation
between their counts and the condition of blood samples cannot be built. For the abnormal samples
tested in this experiment, these factors varied from 2.2 to 31.2 and 7 to 285, respectively. The normal
samples had a wide range of values, 5.5 to 11.4 and 123 to 294, respectively, as well. Though high data
heterogeneity is generally not desirable, it could have a positive side here, because, it suggests that the
change in blood capacitance might not necessarily relate to WBC and PLT counts. It should be noted
that capacitance values may be affected by the presence of lighter compounds (hormones, antibodies,
vitamins, bacteria) or free radicals in the blood as well [28].

Despite the uncertainty in the observed correlations, the first finding, that is the larger capacitance
values for cancerous blood samples, when compared to normal ones, was strong and verified the
null hypothesis.

Table 3. The mean and standard deviation value of the blood factors for normal, ALL, and cancerous
blood samples. The correlation values between capacitance and individual blood factors are also listed.

Parameter Cancerous ALL Normal
Samples Samples Samples
RBCs 4.026 & 0.075 3.520 £ 0.320 4.711 4+ 0.538
Correlation with Capacitance —0.44 —0.51 —0.15
WBCs 10.621 £8.848  12.564 +£11.305 7.650 & 2.116
Correlation with Capacitance —0.072 —0.073 —0.15
PLTs 99.333 £101.564 21.857 £16.622 230 % 55.001
Correlation with Capacitance —0.53 -0.77 —0.90
Capacitance 21.756 £3.497 22986 +3.319 10.675 £2.177

4. Discussion

In this section, an effort is made to identify the possible reasons for the observed change
in the dielectric properties of cancerous blood samples, by referring to previous research works.
This comprehensive investigation is beyond the association observed between RBC count and capacitance
values, focusing mostly on microscopic mechanisms that might explain the conspicuous, macroscopic



Electronics 2020, 9, 95 9of 16

difference between the capacitance (or dielectric) values of affected and healthy blood. Further, the
limitations of this study, by reference to multiple research studies in the field of pediatric cancer, are
discussed.

4.1. Potential Mechanisms behind the Study Observations

Generally, when an abnormality emerges in the body;, it reveals itself as several changes in cell
mechanisms, which, in turn, cause variations in blood properties. In each cell, there are electrical
components that together build up a coherent circuit [21]. These components enable cells to regulate
and control the transduction of chemical energy and other processes. For example, the cell membrane
and its receptors can be viewed as transducers, inductors, and resonators of the cell. DNA acts as
an inductor and resonator, and organelle membranes are capacitors [37,38]. Furthermore, membrane
protein complexes and liquid crystal proteins are considered as tuning circuits and semiconductors,
respectively [39].

When these electrical parts work correctly and in harmony, the cell exhibits normal behavior.
However, changes in the chemical substances of intra- or extra-cellular environments, as well as the
disturbance in electrical charges can lead to cell mutation, which, in turn, causes malfunction or disease.
Therefore, cancerous cells are transformed organs of distinct characteristics, which are discussed more
thoroughly in the following [40,41].

The flow of inborn electrical currents in the body is used to launch, regulate, and control
the tissues. These currents instigate primitive cells to differentiate into the different cells that are
required for normal body function, such as osteoblasts, erythrocytes, monocytes, megakaryocytes,
and chondrocytes. To do so, the primitive cells must have a normal membrane potential and several
essential nutrients [42—-46].

One feature of cancerous and injured cells is their lower cell membrane potential compared to
that of normal cells. Cell membrane potential controls membrane permeability to nutrients and is
responsible for initiating energy production and macromolecular synthesis. The membrane potential
of healthy cells is in the range of —60 to —100 mV. During some stages of the cell lifecycle like DNA
synthesis, this potential can temporarily wane (to —15 mV), but in cancer cells, this reduction is
perennial [47-49].

A decreased potential can make the membrane more permeable to certain substances that are
not found normally in healthy cells. For example, some constitutive minerals of the cytoplasm, such
as potassium, magnesium, calcium, and zinc, can migrate from the cell, while, on the other side,
sodium and water (especially unstructured water) can freely flow into the cell and accumulate in the
intracellular space. In this condition, cell proteins may prefer to associate with sodium rather than
potassium, and sodium content in the intracellular space may act as a trigger for mitosis (cell division).
Moreover, these proteins become incapable of structuring the water that has entered the cell. The
concentration of these minerals and the electrical potential of the membrane are correlated, but it is not
quiet known which one affects the other first [50].

Alterations in membrane potential also affect the metabolic function of the cell and the energy
mechanism it uses. Cells obtain their energy from food and air by catalyzing enzymes, chemical
reactions, and oxidation of fats, proteins, and carbohydrates. Besides, they produce energy by oxygen
dependent or aerobic enzymes. Throughout the chemical reactions that occur in the respiratory
chain (electron transport chain), a molecular motor is turned on that converts adenosine diphosphate
(ADP) to adenosine triphosphate (ATP) [51]. In cancerous cells, this normal energy synthesis is
disrupted. Consequently, they use fermentation (glycolysis), which is a primary anaerobic type of
energy production and a less efficient one. The proliferation of tumor cells is strongly encouraged
by this change. Pyruvate dehydrogenase, the enzyme that is responsible for determining whether
energy is derived by the aerobic or anaerobic pathway;, is transformed in cancer. Like what was said
about membrane potential changes, the aerobic energy mechanism of healthy cells is only temporarily
switched to anaerobic during wound healing, but this alteration is permanent in cancer cells [52-55].
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In addition to the aforementioned factors, hypoxic and acidic microenvironments play critical roles
in metabolic changes. Such environments make cells vulnerable to mutations and genetic instabilities.
Accordingly, some genes are activated, and subsequently, changes occur in metabolic reactions. One of
the reasons for different responses of the same tumors or cancerous cells to identical treatments can
be traced back to this phenomenon. Since some cells still use the normal energy mechanism, while
others do not, a heterogeneous amalgam of cells exists in the blood. Hence, their behavior in response
to external stimuli can differ [56-59].

As a result of these changes, cancer cells have different contents of fat, sterol, enzyme, protein,
and cytoplasm, as well as dissimilar cytoskeleton structures and, even, membrane receptors. Some of
their proteins have the arrangement of embryonic cells having different bindings. Hence, cancer cells
become independent, and somehow detached, from the signals sent out by the extracellular matrix
(ECM) for growth control and normal tissue formation [60]. ECM comprises an electrical field that
oscillates in response to proteoglycans to send this electrical signal. Furthermore, ECM receptors work
like antennas to receive particular frequencies of electromagnetic energy, which enables this matrix to
exert growth factor inhibition [61]. In a healthy state, ECM has a certain amount of negative charge
whose magnitude depends on the content of ions, minerals, and sialic acid residues [62].

Cancer cells ignore ECM, and instead, using some types of glycoproteins and antigens, they
express their own growth factor. Hence, they have disrupted electric fields and unintegrated signals
with more negative charges (due to overexpression of sialic acid molecules) on their surface and
outside of the cells, leading to different interactions with the environment. Extra negative charges
of the exterior surface, which depolarize the cell membrane, is another reason for lower membrane
potential of cancer cells [63].

On the other hand, as a reaction to this abnormal condition, cells release more toxins into ECM,
making it more acidic, and ECM is forced to create areas of higher resistance to protect itself. However,
this increased resistivity hinders the flow of endogenous electric currents to reach these areas and
eventually interferes with the process of healing. What is more, a decrease in electrical flow causes
lower membrane capacitance [64,65].

To sum up, electrical properties of a tissue correspond to electron availability, tissue acidity,
hypoxia, the presence of antioxidants (electron donors), water content, and the electrophilic compounds
existing on the cell membrane and in the ECM. In all cancer cells, the system of electron transfer
is damaged. As an electrical property, the conductivity of a tissue is a function of the mineral
concentration of cells, the types of these minerals, oxygen level, ECM fluid and state, intra- or
extra-cellular PH, water content, the ratio of the structured to unstructured water, amount of negative
charge on the membrane and its composition, and the presence of free radicals, toxins, and metals in
the cell. For instance, it has been reported that the electrical conductivity and permeability of cancer
cells are higher than normal cells [66].

These characteristics might explain how applying electrical currents may be effective in reversing
some mutated cells back to their normal, healthy status. Applying electric current can increase the
activity of the immune system, subdue the impaired DNAs produced by cancer cells, and change
membrane potential and taking up of nutrients. Some techniques, such as scientifically supported
herbal treatments, phototherapy, and microcurrent treatment, release free electrons in the body that
can react with the free radicals and protect cells and DNAs from the damage they cause [67-71].

Considering all the previous evidence on the electrical differences between normal and abnormal
cells, this paper focused on using the electrical capacitance as an indicator of the electrical changes
in cancerous blood samples, on a macroscopic scale. The results of this work are consistent with the
evidence presented in the literature in that the electrical properties of normal tissues differ from those
of cancerous ones. As mentioned before, other macroscopic approaches have been reported for the
detection of cancer in adult patients, with similar findings [29-32].
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4.2. Study Limitations

This study is limited by the low number of blood samples; however, blood studies of this type
have been reported in the literature using fewer samples. For instance, Ulgen and Sezdi employed
bio-impedance spectroscopy to study the relation between four Cole-Cole parameters and the hematocrit
concentration of whole blood, and they utilized blood samples of only ten human subjects [72]. Besides,
there are reasons specific to the research at hand, which justifies the mentioned limitation:

1. It is well known that pediatric cancer research, due to nonprofitablity, is, sadly, a greatly
underfunded (almost neglected) field of research. A look at many original studies on minor
cancer patients reveals that the sample sizes are generally small, as in this study. For example,
the authors in [73-75], respectively, had 17, 20, and 28 subjects in their study. Further, in a previous
paper by the two authors of the study at hand, only 11 children remained until the end of the
study for the experimental and control group, combined [76,77]. This could be due to a lack of
adequate funding to conduct large scale studies on children suffering from cancer, as well as

the difficulty in recruiting these children in the study.
2. In this research, due to the study design and taking into account the effect of common drugs

for cancer therapy, it was necessary to find recently diagnosed cancer patients, in a specified
age range, who had not yet gone under any treatment (chemotherapy, radiotherapy, etc.). Besides,
among the eligible subjects, it was still required to have the consent of their parents for obtaining blood
samples. Considering their situation and the fact that frequent blood draw and injections already cause

discomfort for pediatric patients, only one sample was obtained from each eligible patient.
3. This was a proof-of-concept study, aimed at testing a hypothesis, with limited resources,

for further, more thorough investigations in the future. Well conducted small scale studies,
particularly the ones that do not deal with developing new medical drugs, have the distinct
benefit of reporting a new observation or phenomenon. Novel ideas can compensate for the
justified shortage of data, as the case reported in [77].

5. Conclusions

In this study, a cylindrical capacitor was designed and fabricated to measure the relative
capacitance of normal and cancerous blood samples, as a novel and simple idea. The measurements
were carried out using an LCR meter device. It was observed that the capacitor, in the case of using
cancerous blood samples as the dielectric material, had larger capacitance values than when normal
samples were used as its dielectric. An unpaired two tailed T-test analysis also confirmed that the data
of two groups, both normal-versus-cancerous and normal-versus-ALL, were significantly different.
Sensitivity (SE) and specificity (SP) analysis showed that for a threshold value between 15 and 17 for
the measured capacitance of blood, SE and SP were both 100%.

Furthermore, an effort was made to see how blood factors affected the capacitance values. WBCs,
RBCs, and PLTs, the three most affected cells in ALL, were extracted from CBC tests. Comparing the
amount of capacitance in ALL with other types of cancer indicated that WBCs and PLTs may not have
an influence on the studied electrical property, particularly given their high standard deviations, which
impedes drawing definite conclusions. Instead, higher values of capacitance in all groups (normal,
cancerous, and ALL) were accompanied with lower values of RBC counts, exhibiting strong negative
correlations, especially for cancerous samples. Furthermore, the capacitance change might be related
to the presence of substances that do not exist in normal blood samples or exist in lower concentrations,
such as free radicals.

The noticeable difference observed between capacitance values (p < 0.05) may be used as an
indicator of abnormal alterations at microscopic levels, such as those caused by cancer. Further
investigations are needed to specify the range of capacitance values for each blood sample and to
calibrate the device with respect to the various types of blood cancer. Because of the experiment
limitations, especially the low number of samples, such calibration was not possible. Having more
samples from a wider range of cancer types might make possible the categorization of cancer types
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based on capacitance values, in future studies. By applying some modifications on the dimension
and accuracy of this device, as well as using an automatic and more precise tool for measuring the
capacitance, the device could be used in an in-home kit for testing the blood. Thus, it would be similar
to the kits that are available for blood glucose monitoring, cholesterol, blood pressure, cardio-check,
triglycerides, and activated clotting-time measuring tests.

Compared to studies with a similar idea, this research work had distinct novelties since it
concentrated on (1) hematologic cancer in pediatric patients, (2) whole blood at a low frequency, and
(3) a simple and self-made device that could enable the measurements. Pediatric cancer research is
greatly underfunded, and it is hoped that this study will propel and expand investigations in this field.
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