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Available methods for detecting blood in the urine (hematuria) can be problematic since results can be influenced
by many factors in patients and in the lab settings, resulting in false positive or false negative results. This ne-
cessitates the development of new, accurate and easy-access methods that save time and effort. This study
demonstrates a label-free and accurate method for detecting the presence of red and white blood cells (RBCs and
WBCs) in urine by measuring the changes in the dielectric properties of urine upon increasing concentrations of
both cell types. The current method could detect changes in the electrical properties of fresh urine over a short
time interval, making this method suitable for detecting changes that cannot be recognized by conventional
methods. Correcting for these changes enabled the detection of a minimum cell concentration of 10> RBGs per ml
which is not possible by conventional methods used in the labs except for the semi-quantitative method that can
detect 50 RBCs per ml, but it is a lengthy and involved procedure, not suitable for high volume labs. This ability to
detect very small amount of both types of cells makes the proposed technique an attractive tool for detecting
hematuria, the presence of which is indicative of problems in the excretory system.

1. Introduction

The kidney is a vital organ in the human body with excretory,
endocrine and metabolic functions [1]. Any abnormalities or damage to
the kidneys can lead to serious complications and can be lethal [2].
Chronic kidney disease (CKD) is a term used to describe kidney damage
that is characterized by abnormal and increased levels of albumin
secretion in urine (albuminuria) or decreased kidney function that lasts
for more than three months [3]. Kidney function is assessed by measuring
the estimated glomerular filtration rate (eGFR), which is compared to a
standardized criterion that aids in deciding the severity of CKD and thus
to stratify patients. This allows for better medical interventions and
treatments associated with complications, avoiding possible progression
to end-stage disease.

Urine of a healthy individual should be clear, with none or very few
numbers of cells [4]. Observing an increased number of cells in urine can
be indicative of a serious problem that needs intervention. Hematuria or
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the presence of red blood cells (RBCs) in urine is an abnormal condition
that might indicate serious problems in kidneys or can be a sign of pro-
gression to CKD, if not managed. Thus, accurate detection of hematuria
can be of high prognostic value, in addition to being important for
diagnosis.

A patient is considered to have hematuria if the number of RBCs is
more than five per high-powered field (HPF) microscopy [5]. Under
other criteria, even three or more cells per HPF is considered an abnormal
finding, and this finding should be observed at least in two of the sedi-
ments of three collected urine samples [6]. Hematuria is described as
“gross/macroscopic” when the color of blood is visible by naked eyes, or
“microscopic” when the RBC numbers are few. Microscopic hematuria is
only detectable by dipsticks or microscopic urinalysis. The two types of
hematuria have different etiologies, but in some cases, they share com-
mon causes. In gross hematuria, the urine color can range from pink, red
to brown depending upon the source of blood. Light colored blood comes
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usually from the lower urinary tract (non-glomerular), while dark
colored blood is from the glomerular origin.

The two types of hematuria can be caused by various conditions, such
as trauma, nephrolithiasis, postinfectious glomerulonephritis, and
immunoglobulin A (IgA) nephropathy. Gross hematuria is also caused by
urinary tract infections, perineal and ureteral irritations, congenital
anomalies, anatomic abnormalities (e.g., tumor), acute nephritis, and
coagulopathy. The microscopic hematuria, on the other hand, can occur
in some diseases such as familial hematuria, sickle cell trait or sickle cell
anemia, Alport syndrome nephritis and Henoch-Schonlein purpura [7].
Glomerular hematuria is more critical since it implies damage to the
nephrons which filter the blood that passes through them. The leakage of
RBCs into the urinary space during glomerular hematuria indicates de-
fects in the glomerular basement membrane; these defects can result from
abnormalities in the structure or composition of the basement membrane
in some diseases, leading to notches and membrane rupture [8]. Simi-
larly, inflammation or glomerulonephritis can also lead to glomerular
membrane weakening and leakages a result of leukocytes infiltration into
the basement membrane, in addition to the production of reactive oxygen
species such as HoO5 [5,9] and proteinases which damage and degrade
the components of the membrane, respectively [10].

Interestingly, hematuria is not only a sign of kidney damage but can
itself lead to kidney damage, like hemoglobinuria-induced tubular injury
[11]. The presence of metabolites released by RBCs in the lumen of
nephron tubules can initiate a cascade of intracellular reactions, leading
to the generation of reactive oxygen species [12], and consequently lipid
peroxidation [13], caspase activation, and eventually programmed cell
death (apoptosis) [14]. Taken together, hematuria can act as a diagnostic
factor for the presence of kidney disease and can, at the same time, act as
a prognostic marker for CKD. It is noteworthy to mention that gross he-
maturia is more frequent at the early stages of the disease, while
microhematuria is associated with worse renal outcomes and a higher
incidence of patients with end-stage renal disease (ESRD). All of this
suggests that detecting microscopic hematuria is critical to predicting
and recognizing patients at high risk of developing CKD, which enables
healthcare professionals to take proactive measures to stop initial stages
of CKD from progressing to ESRD [15, 16]. In the following section, we
will discuss different methods used to asses hematuria. This will be fol-
lowed by the presentation of a new approach for investigating the
dielectric properties of urine samples having blood cells as a new,
real-time, non-invasive method that can be of great use in the clinical
setting.

2. Methods used for testing hematuria

Dipstick urinalysis is the gold standard for testing the presence of
hematuria. A blood sample with hematuria generates a greenish-blue
color, which results from the oxidation of a chromogenic substrate,
"tetramethylbenzidine" by the peroxidase activity of hemoglobin [13].
Different companies use different chromogenic substrates for this pur-
pose. It is believed that dipstick can detect as low as 2-5 RBC/HPF, which
is equivalent to 10 RBCs per pL. However, there are some pitfalls of this
method, such as false positive results in certain cases like hemoglobinuria
and myoglobinuria in which there are no blood cells in urine and have
different etiologies from hematuria [17, 18]. The positive results in these
conditions do not result from the presence of RBCs, but rather from the
pigments that are released from lysed blood cells or from muscle damage,
respectively. Dipsticks can also give false positive results when bacterial
peroxidases are released in urine because of infection, or because of
contamination of urine with oxidizing agents used in cleaning solutions,
besides menstrual blood in women. On the other hand, urine of patients
taking vitamin C supplements might develop false negative results [18].
The presence of RBCs in urine can also be confirmed by a microscopic
examination of the sediment of spun urine under high-powered field
(HPF), or what is known as microscopic urinalysis, and the count is
usually described as RBC/HPF [18]. This is the conventional method, but
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there is always a concern about RBC loss as a result of cells sticking to the
walls of the tube during centrifugation or during decanting of the su-
pernatant. To avoid these artifacts, some favor the counting of cells in
un-centrifuged urine using a counting Coulter chamber [19]. A cytolog-
ical semi-quantitative method was shown to be more accurate than both
the conventional and dipstick method. In this method, the sediment of
urine is spread over many slides, fixed and stained and then cells are
counted under the microscope. This method was able to detect blood
cells in concentrations less than 50 RBCs per ml, while the minimum
concentration detected by the conventional method is 500 RBCs per ml.
Surprisingly, dipsticks from different companies could detect minimum
concentrations that ranged from 2 x 10% to 1 x 10% RCBs cells per ml
which is much larger than the number claimed by companies [20].
Dipsticks are attractive for initial screening of urine samples since they
can detect several abnormalities in urine, besides being cheap, fast and
easy to use. One study has shown that using dipstick are very reliable
since further microscopic analysis on same tested samples did not change
the treatment decisions that were based on dipsticks results [21].
Regarding the detection of hematuria, dipsticks were found to be more
accurate and consistent compared to flow cytometry and microscopic
analysis when used under unstandardized condition (hyperhydration)
[22].

Usually, a positive result for dipstick is followed by a microscopic
examination to confirm hematuria, which consumes a considerable
amount of time. A false negative result is even worse and can result in
misdiagnosis which can be dangerous to patient health. More developed
and sophisticated methods for urine analysis involve the use of auto-
mated analyzers. Different analyzers can have different analytical prin-
ciples and might require different sample preparations. Some of them are
based on flow cytometry where fresh urine samples are used to determine
particle size and complexity by light scattering, and additional sample
staining can give more information about DNA [23]. Others are based on
image-analysis in which urine sediment is analyzed by obtaining particle
images using integrated cameras which are analyzed using predefined
libraries [24, 25]. Although these automated methods can save time in
high-volume labs, they still require the presence of well-trained profes-
sional technicians that need to accept or reject the results or reclassify
them, especially in the image-based methods. Moreover, one cannot
ignore the costly charges of instruments maintenance [25]. This always is
a motivation factor to find newer, cheaper methods that allow accurate
and instant results, saving time besides minimizing maintenance charges.
This study, thus investigated the use of electrical properties of urine to
detect both RBCs and white blood cells (WBCs) in urine which can be
cost-effective and save time compared to the previous methods.

2.1. Ethical approval

This research includes experimentation on human biological samples,
which have been approved by United Arab Emirates University Human
Ethics Committee with reference number “ERH_2017_5499”. The authors
confirmed that all the conducted experiments in this work were con-
ducted according to established ethical guidelines, and informed consent
obtained from the participants.

3. The current approach

Suspensions of biological cells are known to interact with an applied
electric field by experiencing different levels of polarization; therefore,
cells can be treated as a dielectric material whose capacitance can be
affected by the electric field which can be measured by a capacitor. The
non-homogenous nature of cells arises from their complex composition;
cells comprise proteins, carbohydrates, nucleic acids and lipids, in
addition to other minor constituents like ions and vitamins. They get
polarized when subjected to the propagation of an electric field. The
strength of the polarization depends on the composition and how cells
interact with the suspending medium [26]. A cell suspension poses a
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unique response to the electric field since it is frequency-dependent with
minimally three incremental losses or dispersions known as o, p and y
dispersions [27]. Blood cells such as RBCs and WBCs suspended in the
urine sample are expected to behave in a similar manner since the in-
clusion of biomaterials in a biological fluid is known to alter its dielectric
properties. Thus, this study investigated the effects of increasing con-
centrations of RBCs or WBCs in urine on the capacitance measurements
of urine. A noteworthy feature of this method is that there are no major
pre-processing steps. Detection of changes in the electrical properties that
correlate well with concentration can be of importance since it will
enable the extraction of cell concentration, a parameter that is of high
diagnostic and prognostic value, especially in the case of hematuria
where high sensitivity is required to detect a small number of cells.
Figure 1a depicts a biological cell with the negatively-charged glycocalyx
(a carbohydrate coating) covering its cell surface. The glycocalyx attracts
the positively-charged free ions in the suspending medium.

Figure 1b illustrates how cells suspended in urine are randomly
distributed inside a capacitor. When a cell is placed under the effect of an
applied electric field, it gets polarized and one type of polarization results
from the diffusion of the charged ions present at the cell surface, resulting
in a big dipole (see Figure 1c). For simplicity and modeling, the cell
distribution inside a capacitive structure is assumed as two separate
zones, and a parallel model is shown in Figure 1d. This assumption is
based on our earlier work which indicated that when cells are added to
control media, the capacitance increases [26]. With more cells, higher
capacitance values are observed. The volumes of the cells and medium
zones are the same as their respective actual volumes in the suspension in
both parallel and series representations.

4. Materials and methods
4.1. Collection of urine samples

A fresh, early morning urine (EMU) sample (30-50 ml) was collected
in a sterile urine container with no additional preservatives.

4.2. Separation of RBCS and WBCS

Whole blood (5-10 ml) collected in an EDTA vacutainer was centri-
fuged at 377xg for 10 min at 4 °C. Blood separates into three components:
plasma (top), buffy coat (middle) and RBCs (bottom). The top plasma
layer was carefully removed and discarded without disturbing the buffy
coat. The buffy coat containing the WBC was carefully transferred to a
fresh 50-mL falcon tube using a Pasteur pipette. To get rid of the
contaminating RBCs in the buffy coat fraction, 10 mL of RBC lysis buffer
(2 mM Tris HCl, 5 mM MgCl,, pH 7.5) was added to the buffy coat and
mixed, so that the RBCs were lysed while maintaining the WBCs intact.
The WBCs were pelleted at 672x g for 20 min at 4 °C. RBC lysis step was
carried out twice to completely remove the RBCs. The WBCs were then
suspended in 10 mL of Dulbecco's Modified Eagles Medium (DMEM,
HyClone) and counted using a hemocytometer to prepare the required
dilutions. Meanwhile, the bottom RBC-containing layer was transferred
to a fresh 50-mL falcon tube and washed twice with 5 mL of PBS, sus-
pended in 10 mL of DMEM, and counted using a hemocytometer to
prepare the required dilutions.

4.3. Preparation of dilutions

The purified RBC- and WBC-cell suspensions were prepared sepa-
rately using fresh urine. The dilutions initially prepared were 10°, 10%,
102, 10! (cells/ml) in DMEM for RBCs and WBCs separately. Just before
loading into the co-axial adaptor for electrical characterization, the cell
suspension in DMEM was centrifuged at 1,050xg for 1 min. The super-
natant was removed carefully and resuspended in 1 ml of the fresh urine.
The sample was then used for electrical characterization. After the
electrical characterization, the same sample was collected in a
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microcentrifuge tube and centrifuged at 1,050xg for 1 min. The super-
natant was carefully removed and loaded into the coaxial cable for
electrical characterization.

4.4. Electrical measurements

The electric measurements were conducted by loading 500 pl of each
cell suspension in urine or urine alone inside an open-ended coaxial cable
connected to Gamry 3000 equipment (USA). The instrument can measure
current from 3 amps to 300 pico-amps over a range of frequency from
100 MHz to 100 KHz. The coaxial adaptor is composed of inner and outer
conductors with dimensions of 2 and 5 mm, respectively, and a length of
7 mm. The control media and various cell suspensions were loaded into
the coaxial adaptor. The instrument can record different types of elec-
trical measurements such as capacitance-voltage profiles. Due to the
frequency and current ranges used, the device can measure a capacitance
of high precision (up to zepto-Farad). Figure 2 illustrates the electrical
modeling and an electric circuit for blood cells in urine. Figure 2c rep-
resents the actual experimental setup employed.

4.5. Measurements protocol

The experiments measuring the electrical properties of cells in urine
were conducted as follows:

1 The control sample represents fresh urine. That is the zero-cell con-
centration urine sample for which the capacitance was recorded.

2 Next, either red or white blood cells were suspended in urine with the
maximum concentration and the capacitance was recorded.

3 Next, serial suspensions were made from the concentrated cell sample
using fresh urine

4 The suspensions were measured from high to low concentration.

5 The urine dynamic behavior, i.e., change over time was de-embedded
from the values of the cell suspensions in urine.

6 Since the urine dynamic behavior depends on many parameters, such
as the food, drink or human activities, therefore, two fresh urine were
used on different days.

5. Results

Figure 3a displays curves for capacitance values measured over a
range of frequencies (1-10° Hz) for urine samples spiked with increasing
concentrations of RBCs (10% to 10° cells/ml). The electrical measure-
ments were made by loading the cell suspensions made in urine into the
coaxial adaptor of the Gamry instrument followed by recording their
electrical potential. In general, capacitance curves displayed a smooth
pattern with the highest values existing at low frequencies. A gradual
decrease in capacitance values occurred as the frequency applied in the
capacitor increased. The capacitance-frequency curve for urine alone
(sample PO in Figure 3a), which acted as a control sample, was observed
to be below the rest of the curves, indicating a low capacitance potential
of urine. Unexpectedly, the capacitance values for urine/blood suspen-
sions were inversely proportional to the concentration of RBCs; the
sample with the highest number of cells (106) generated the lowest curve,
while curves were found to shift to higher values with decreasing con-
centrations of blood cells (Figure 3a). Figure 3b displays curves of sus-
pensions where the urine samples were spiked with increasing
concentrations of WBC. Similar to the pattern observed with RBCs, urine
samples spiked with the highest concentrations of WBCs resulted in the
least value of capacitance and thus capacitance was inversely propor-
tional to the concentration of cells in urine. Figure 3c and d display
changes in capacitance values of the fresh urine sample over time that
was used to make the cell suspensions. This was done by repeatedly
measuring urine capacitance values at time points at which each sus-
pension of RBC or WBC was made. In general, the capacitance values for
urine samples in both sets of experiments displayed a stable increase with
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Figure 1. (a) Diagram of a blood cell with a nega-
tively charged glycocalyx that is coated by positively
charged ions in urine. (b) Illustration of the random
distribution of blood cells in a suspension medium
(urine). L is the length of the total capacitor; d is the
distance between the two electrodes of the capacitor.
(c) A diagram of how the surface-bound charged ions
diffuse under the effect of an applied electric field,
leading to cell polarization. (d) An alternative two-
zone parallel capacitive model is presented of cell
distribution inside a capacitive structure. Lyp and
Lpiood cen are lengths of capacitors zones occupied by
the medium (urine) and blood cells, respectively.

Figure 2. Illustration of the electrical modeling of blood
cells suspended in urine. (a) panel (i) demonstrates the
random distribution of blood cells before the application of
DC bias, panel (ii) shows the distribution of blood cells
after the application of DC bias, and panel and (iii) explains
how cells act as dipoles when exposed to an electrical field.
(b) The depiction of the corresponding equivalent circuit
model, where Cg is the suspension (blood cells and urine)
capacitance; Cy, is the urine capacitance; and C, is the
capacitance of the blood cells. (¢) Actual photo of the
experimental setup utilized in this study to measure the
capacitances of various cell suspensions.
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Figure 3. Dielectric properties of urine and cells suspensions measured over a range of frequencies. (a) Capacitance versus frequency profile for increasing con-
centrations of red blood cells (RBCs) and (b) white blood cells (WBCs) in urine. Curves labeled with PO, P2, P3, P4, P5, and P6 have concertation of 0, 102, 103, 10%,10°
and 10° cells/ml respectively. (c) Time-dependent changes in fresh urine sample capacitance alone devoid of cells that were used for RBC and (d), WBC suspensions.
The changes in capacitance versus time have been measured at 1Hz. UPO, UP2, UP3, UP, UP5, and UP6 are urine samples measured electrically at the times shown in
the figures and were exactly the time at which different suspensions were freshly mixed and measured.

time (measured over 35 min) as shown in Figure 3c and d, revealing that
urine (the control sample) alone undergoes dynamic changes that can
affect its electrical parameters, leading to a gradual increase in capaci-
tance with time.

Figure 4a displays curves for capacitance values measured over a
range of voltages (-0.5 to +0.5V) for urine samples containing increasing
concentrations of RBCs. As with the capacitance-frequency profile, the
capacitance-voltage curve for a urine sample (as a control) was observed
at the bottom of all curves, showing less capacitance potential for urine
while the capacitance values for the rest of the samples were inversely
proportional to the concentration of cells in the samples.

A similar pattern was observed for urine samples containing
increasing concentrations of WBCs (Figure 4b) as seen in Figure 3b. To
determine if the inverse relation being observed with increasing cell
concentrations was due to the instability observed with urine alone, the
capacitance-voltage values for cell suspensions being observed were
corrected for those of urine alone. Figure 4c and d show corrected values
of capacitance-voltage curves displayed in Figure 4a and b, respectively,
after de-embedding the capacitance value of the control urine sample
from its suspension capacitance values. Briefly, each cell suspension was
reconstituted just before the measurement was performed. After the
measurement, the sample was centrifuged and the supernatant repre-
senting the fresh urine status at this time was subjected to electrical
measurements. The capacitance values of each supernatant urine sample
were deducted from its corresponding cell suspension. By performing this

step, the capacitance values were corrected for any artifacts that might
have arisen from any possible changes taking place in urine over time.
Plotting the curves after the correction step revealed a more logical
pattern where spiking more cells into urine led to a stepwise increase in
the capacitance potential of urine. This data also revealed that 100 cells/
ml could easily be distinguished from urine alone for both cell types
across most of the range of frequency tested (Figure 4c and d).

Next, we compared the limit of detection of our electrical technique
with that of the current method of choice for hematuria, the “urine
dipstick” method. Towards this end, the red blood cell suspension in
urine having the highest concentration of cells at 10° RBCs/ml was tested
by the dipstick. Surprisingly, the dipstick revealed the normal status of
urine with no indication for of the presence of red blood cells although
dipsticks are claimed to be sensitive with the ability to detect from 2 x
10* to 1 x 10° cells/ml, as mentioned in Figure 5. On the other hand, our
method could detect the concentration of RBCs with nearly 10,000-fold
less number of cells/ml (as low as 100 cells/ml).

Next, the capacitance values in Figure 4c and d were used to extract
the dielectric constants for cell suspensions over a range of voltages, and
those were normalized by calculating the ratio between each dielectric
constant of each suspension and the dielectric constant of urine control
sample measured at the very beginning of the measurement. The
normalized values of the dielectric constants were plotted for both types
of cell suspensions, as shown in Figure 6a and b. Calibration curves were
generated by plotting these ratios calculated at -0.25V (the mid of the
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Figure 4. Capacitance-voltage (CV) profiles of urine samples containing increasing concentrations of RBCs and WBCs. (a) Capacitance-voltage profile of control urine
sample and urine samples spiked with increasing concentrations of red blood cells (RBCs). Samples RBCP0O, RBCP2, RBCP3, RBCP4, RBC5 and RBC6 had the following
cell concentrations: 0, 10%, 10, 10%,10° and 10° cells/ml, respectively. (b) Capacitance-voltage profile of urine and urine samples with increasing concentrations of
white blood cells (WBCs). Samples WBCPO, WBCP2, WBCP3, WBCP4, WBC5 and WBC6, had the following cell concentrations: 0, 10%, 10%, 10%,10° and 10° cells/ml,
respectively. (c) The CV values of each suspension were re-calculated by de-embedding the capacitance value of urine “alone" obtained by centrifuging and measuring
the supernatant capacitance after each suspension capacitance measurement from the capacitance value of the suspension of RBCs (d). Similarly, re-calculation of WBC

suspension CV values as in (c) after de-embedding the values of the urine alone.

negative voltage range) for each concentration of cells as seen in
Figure 6c¢. Figure 6¢ represents the change in dielectric constant of the
suspension versus the concentration of both cells type. Meanwhile
Figure 6d was used to determine the number of cells in urine by
extracting the corresponding dielectric constant from the measured
suspension capacitance. With high cell concentration, Figure 6d revealed
the possibility of identifying the cell type if the value of the extracted
normalized constant was higher than 1.75 (as indicated by the vertical
line). For concentrations with less than 10* cells per ml, both RBCs and
WBCs exhibited approximately the same trend, making it difficult to use
these calibration curves for identification below this range. Nevertheless,
as can be concluded from the data displayed in Figure 4c and d, the
recorded capacitances per the two types of cells with the same concen-
tration values were different. Hence, the capacitance per single cell can
be used for differentiation between the cell types.

6. Discussion

In this study, we have characterized the dielectric properties of urine
followed by the ability to detect, quantitate, and distinguish between two
different types of blood cells present in urine based on their electrical
parameters. Our results show that using our approach, we could detect at
a minimum of 102 blood cells/ml of urine. Studying the dielectric
properties of urine is gaining more interest in the last few years. Such

studies can pave the way for fast and non-invasive methods that can be
very practical for clinical utilities. For example, in one study, electrical
measurements were recorded for urine samples of normal and CKD pa-
tients with proteinuria at frequencies ranging from 0.2GHz to 50GHz and
at three different temperatures [28]. Below 7 GHz, the urine of CKD
patients had higher dielectric properties than normal subjects with dif-
ferences becoming more significant at higher temperatures of 30 °C and
37 °C. This trend was reversed beyond 7GHz. Similarly, the positive
correlation between proteinuria levels and dielectric properties was
observed below 7GHz, while negative correlation was observed above
this point. The lower relaxation frequency observed in samples with
proteinuria was explained by a decrease in bulk water leading to slower
relaxation times [28]. Similar results were also shown when urine of
diabetic and CKD patients was compared to normal subjects, but differ-
ences were more significant between normal and CKD patients [29].
Other studies have investigated the effect glycosuria on the dielectric
properties of urine and observed an increase in dielectric constant with
increasing glucose in urea [30, 31, 32, 33]. All these studies demonstrate
biomaterial dependency of urine dielectric properties. To our knowledge,
no studies on the dielectric properties of urea from patients exhibiting
hematuria have been conducted, nor on urine taken from patients with
urinary tract infections. As discussed, the presence of RBCs is very
important as a prognostic factor for CKD, while WBCs can indicate the
presence of infection.
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Figure 5. Dipstick analysis of fresh urine containing one million cells/ml. The
strip on the left shows the urine strip dipped in fresh urine without any cells,
while the strip on the right shows the strip with 10° cells/ml.

In the present study, we did not use real samples from patients; rather,
to establish the “proof-of-principle”, we investigated the effect of RBCs
and WBCs on urine dielectric properties. This was achieved by spiking
fresh urine with increasing concentrations of RBCs and WBCs. Surpris-
ingly, the dielectric properties were not to our expectations since there
was an inverse correlation between the urine capacitance-frequency
curves and the concentration of cells (Figure 3a and b). This unex-
pected result raised the question of the stability of urine which possibly
affected its electrical properties, leading to this artifact. To test this
possibility, the dielectric property of the fresh urine sample was
measured after each suspension reading, by spinning the suspension and
removing the cells. Interestingly, we could observe a stepwise increase in
the capacitance-frequency (CF) profile of urine alone with time
(Figure 3c and d). This finding highlights the issue of urine stability over
time. These observed dynamic changes in urine are possibly ascribed to
some chemical reactions that can take place, altering the chemical
composition of urine and consequently altering the intrinsic capacitance
of urine over time. As a biological fluid, urine contains high levels of
sodium chloride, phosphate, potassium, urea and trace levels of calcium,
sulfate, and magnesium [34], and fresh urine pH ranges from 5.6 to 6.8
[35]. Urea is one of the components that is degraded by the action of
urease enzyme found in some infectious microorganism, breaking it into
ammonia and carbon dioxide, thus raising the pH of urine up to 9 [36].
One study has shown that changes in the pH and ammonia concentration
of fresh urine reach a steady state after 60-72 h [33]. Moreover, this
change is accelerated at higher temperatures (e.g., 25 °C and 30 °C) [37].
In another study, no significant changes in urine sample parameters were
observed after 1 h, but some parameters changed after a 24-hour period
of refrigeration [38].

In this study, we show that there are dynamic changes in urine that
take place in short periods of times (30 min) and that these changes can
be detected electrically, but not by conventional methods. It is known
that electrode polarization (electric double layer) is augmented by the
presence of free mobile ions in a suspension and this phenomenon can
lead to an increase in capacitance values of a suspension [39]. We suggest
that the dynamic changes of urine with the generation of free ammonia
ions and carbonate ions may lead to this increase in capacitance which
was observed over time. Another explanation can be an increase in the
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density of dipoles as a result of dynamic chemical changes. In fact, this
was proposed to explain the high dielectric constant observed in the
blood of diabetic people [40]. Furthermore, our results reveal that the
capacitance-voltage (CV) profiles of the cell suspensions in urine
(Figure 4a and b) had a pattern similar to the one observed in
capacitance-frequency profiles. We can describe the capacitance of cells
suspensions by the following formula:

C suspension — C urine + C cells (RBC or WBC)

This formula shows that by de-embedding CV values of each urine
control sample from the CV values of the urine suspensions made at the
corresponding times should yield the actual CV value of cells (Figure 4c
and d). As observed, after the de-embedding process, the CV curves
became positively correlated with cell concentrations in urine. The ratio
of the dielectric constant of each cell concentration (RBC/WBC) to the
dielectric constant of fresh urine was calculated for each value over the
range of voltages, as shown in Figure 6a and b. The ratios calculated at
(-0.25V) were plotted against each cell concentration to get (erpc,wnc/€
urine) concentration curves (Figure 6¢). These curves were used to extract
the concentration of cells in urine. It is very important to note that this
technique can detect cells numbers as low as 100 cells per ml that is even
more sense than any available urine dipstick test since they can detect a
minimum of 2 x 10% to 1 x 10 RBCs cells per ml. Similarly, WBCs could
be detected in low concentrations as well at 100 cells/ml. We would like
to stress that the ability to detect the dynamic changes in urine sample
alone can also be important, especially if they result from a bacterial
activity that can result in even a higher rate of change in infected urine.
This can be faster than the conventional microbiological techniques that
require lengthy microbial culture and proper interpretations. In our case,
a high ratio of the rate of change of a suspected sample to the rate of a
normal sample could act as an indication of infection since the urine
sample was not handled in a sterile manner once used for the dilutions.
Further investigation of this novel method and validating it can introduce
easier and more efficient modalities for urine examination, especially in
high volume labs where time is critical.

It is well-known that cell membranes are composed of proteins and
glycoproteins embedded in a fluid lipid bilayer [41]. The Sialylated
glycoproteins of the RBC membrane are responsible for a negatively
charged surface. This creates a repulsive electric zeta potential between
cells which helps in preventing any interactions between RBCs and the
other cells, especially between each other. On the other hand, urine is an
aqueous solution composed of urea, chloride, sodium, potassium, creat-
inine and other dissolved ions, and inorganic and organic compounds
[42]. Bo et al. have considered an ionic solutions time-variant dielectric
constant profile with change in ion positions due to the Brownian dy-
namics [43]. It is proven that the motion of ions in aqueous solution is
driven by interactions among ions [44, 45]. Therefore, in this study, for
the sake of simplicity, we assumed that the ionic interactions and con-
centration was the major contributor to the dielectric constant changes of
urine with time, and there were no other interactions between the cells
and the urine constituents.

In future, we would like to use “microfluidics” to improve the ability
to distinguish between different cell types. Microfluidics allows electrical
characterization at the single cell level, providing higher accuracy of
results and thus better differentiation between cells. The composition of
biotic materials and suspensions on a unit level will help in better un-
derstanding their biochemical and physiological states. This should help
in the exact identification of the type of cells present in the suspension.
The basic setup of a microfluidic channel is depicted in Figure 7, which
incorporates a host where the sample is loaded. In our case, the sample
could be urine with red and white blood cells. This system contains a
pump which regulates the pressure and flow of the sample into the
microfluidic chamber; the chamber contains sensing electrodes for the
analysis of the loaded cell suspension. The electrical conditions for
investigation can be applied with the help of the sensing electrodes. The
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Figure 6. Extraction of the dielectric constants and cell counts from the electrical measurements. (a) Ratios of the dielectric constant of each cell suspension to the
dielectric constant of urine sample plotted over a range of voltages (-0.5 to +0.5 V) for red blood cells (RBCs). Samples RBCPO, RBCP2, RBCP3, RBCP4, RPC5 and
RPC6 had 0, 102, 10°, 10*,10° and 10° cells/ml, respectively. (b) Same calculations were performed for the white blood cell (WBC) urine suspensions. Samples
WBCPO, WBCP2, WBCP3, WBCP4, WBC5 and WBC6 contained 0, 10%, 10%, 10*,10° and 10° cells/ml, respectively. (c) Ratios calculated at a voltage of -0.25V were
plotted against cell concentration for RBCs and WBCs. (d) Re-plotting figure (c) with reversed axes to calculate cell counts per ml based on electrical parameters.
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Figure 7. Proposed single cell detection and identification.

microfluidic-based system incorporates an electrical analyzer along with
dedicated software which will help to apply specific electrical conditions
and collect the corresponding measurements. These set of measurements
are then processed and analyzed to detect and identify any existing cells
in the suspension.

7. Conclusion
A new and easy method for the detection of cells in urine is proposed

in this study. The method involves label-free identification and quanti-
fication of cells in urine based on electrical parameters without any pre-

processing steps. This method is promising since substances such as vi-
ruses or even whole cells begin to appear in urine before people are
aware that they might have a problem, and accurate detection is
important before the condition becomes worse. This method is based on
the use of capacitance-voltage measurements to detect the presence of
blood cells suspended in urine. Any deviation from the normal compo-
sition of urine can be detected due to the changes in the electrical pa-
rameters of the urine when subjected to an electric field. This method
could detect dynamic changes that took place across time and affect the
electrical properties of urine even in the absence of cells. Such changes
can mask the electrical changes that can be imposed by the abnormal
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presence of cells. By including a de-embedding step, the masking effect
was removed, and the electrical changes became more relevant and
correlated well with the increasing number of blood cells. The de-
embedding step was also an essential step to eliminate the effect of
fluctuating and varying chemistry of the urine that exists in the same
patient throughout the day or even among different individuals. This
method can also be potentially used for identifying the type of cells
present by comparing the capacitance measurements, which could pro-
vide a valuable tool for discriminating different urine samples of different
composition. Knowing the individual electrical response of each cell
component can help in explaining the effect that will be observed when
they are combined. It is a highly sensitive, safe, low-cost and reliable
method with minimal sample processing. It can be considered as a point-
of-care test as the results can be shared instantaneously with the mem-
bers of the medical team.
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