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 Urolithiasis is a very usual problem affecting humans and animals both globally. Calcium-

oxalate is the main component of the urinary stones, largely because of the excess 

consumption of oxalate-rich foods. The occurrence of urinary oxalate occurs by 

endogenous synthesis. In a normal, healthy individual the excretion of oxalate ranges from 

10mg to 45mg per day, based on the age and gender, but risk of stone formation starts at 

25mg per day reliant on the individual health history. This study determines a sensitive 

method for sensing the existence of calcium oxalate in urine. This can be done by 

measuring the variant amounts of calcium oxalate hydrate (CaC2O4.H2O) in urine and 

analyzing the dielectric properties of each sample. The proposed method can distinguish 

dynamic changes in the samples’ electrical properties over a time interval. Even for the 

urine sample containing calcium oxalate hydrate as low as 10μg per ml. This makes the 

proposed method appropriate for identifying changes that are unrecognized by 

conventional methods. The potential to detect very small quantity of stone salts makes it a 

lucrative tool for sensing and quantifying stones in kidney. 
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1. INTRODUCTION 

 

Nephrolithiasis is a regular malady, with a predictable 

recurrence rate of half decade in up to 50% instances [1]. 

Because of the continuous change in the eating tendency and 

lifestyle, there is a record growth in the occurrence of calculi 

since last century [2, 3]. The problem factors of urolithiasis are 

polydipsia, corpulence, hypertension [4-8] and insulin 

resistance syndrome (IRS) [9] which leads to chronic kidney 

disease (CKD) [10-13]. Lithiasis occurs when the amount 

intake of certain minerals surges (tested through concentration 

of urine), enhancing their crystallization which further grow 

and stick to the kidneys ducts as stones [14].

 

 
 

Figure 1. A schematic depiction of available laboratory analysis techniques for renal stones 
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Many published reports manifest that common trace 

elements of kidney stones are Ca, Mg, Mn, Cu, Fe, etc. [15-

17]. Nevertheless, calcium ones are the most prevalent, 

especially oxalate and phosphate crystals which exist 

discretely as well as in fusion. Hyperoxaluria sometimes lead 

to end-stage renal disease (ESRD) due to high excessive 

excretion of oxalate anions in urine [18]. Calcium oxalate is a 

salt of a dicarboxylic and oxalic acid which exists as 

whewellite (monohydrate or COM) and weddellite (dihydrate 

or COD). Among all stones, COM is the most usual form 

which occur globally [19]. 

Precise analysis of renal calculi is the prerequisite for 

metaphylaxis. Currently, available analysis techniques are 

shown in Figure 1 which encompasses spectroscopy, TG, 

polarization microscopy SEM and X-ray diffraction, etc [20, 

21]. Furthermore, spectroscopy has various subcategory 

techniques such as IR, EDX, LIBS, LA-ICP-MS, XAS [22-26] 

and hence consider as one of the main techniques. Still, no 

solitary technique provides data about the kidney stones, 

numerous groupings of these methods are needed for study 

[27]. 

Lately, various investigations are done about calculi 

behavior, their detection and identification along with their 

quantification. The recognition of these stones usually have 

been done based on their properties, such as electrical 

conductivity, dielectric constant, polarization, and capacitance 

etc. [28, 29]. The pH of the urine affects the progression of the 

stones; an alkaline pH environment helps to prevail the Ca and 

P stones, while acidic environment supports uric acid or 

cystine calculi [30].  

Our study deals with the initial stage of the kidney stones 

formation, simulated by adding insoluble CaC2O4.H2O to the 

urine of the normal individual. In this study, we have carried 

out electrical characterization and urinalysis (conventional 

method) on urine samples containing different concentrations 

of calcium oxalate hydrate powder, which is one of the main 

components of kidney stones formation.  

2. CURRENT APPROACH 
 

Suspensions of calcium oxalate hydrate (composed of ions) 

when interacted with an applied electric field, experience 

polarization; therefore, they can be treated as a dielectric 

material that affects its capacitance which can be measured by 

a capacitor. The strength of the polarization depends on the 

composition and its interactions of components within the 

suspending medium. 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 oxalate concentration, a parameter that is of high 

diagnostic and prognostic value, especially in the case of 

kidney stones where high sensitivity is required to detect a 

small amount of oxalate.  

Figure 2(a) illustrates how calcium oxalate suspended in 

urine are randomly distributed inside a capacitor. When it 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, resulting in a big dipole (see Fig. 

2(b)). For simplicity and modelling, the calcium oxalate 

distribution inside a capacitive structure is assumed as two 

separate zones as a parallel model. The volumes of the calcium 

oxalate and medium zones are the same as their respective 

actual volumes in the suspension in both parallel and series 

representations. We can describe the capacitance of 

suspensions using the following Eq. (1) which is the 

corresponding electrical equivalent capacitance model for the 

Figure 2(b). 

 

    s u cC C C= +  (1) 

 

where, C is the capacitance and subscripts depict as follows: s: 

sample; u: urine and c: calcium oxalate, respectively. 

 

 
(a)                                                        (b) 

 

Figure 2. Schematic representation of the electrical model used in this study: (a) Illustration of a random distribution of calcium 

oxalate in fluid medium (urine in this case). (b) An alternative two-zone parallel capacitive model is presented of oxalate 

distribution inside a capacitive structure. L is Length of the total capacitor; d is diameter of the capacitor; Lu and Lc are lengths of 

capacitors zones occupied by the medium (urine) and calcium oxalate, respectively 

 

 

3. MATERIALS AND METHODS 
 

3.1 Sample preparation  
 

Usually individuals are unaware of their upcoming health 

threats, so they barely contact doctors in regard of any kidney 

related problem. The main purpose of using artificial samples 

for the study is the same, as getting urine samples of people 

who are prone to kidney stones (having high oxalate in urine) 

are hard to avail. People only reach doctors in regards of 

kidney problems when they have abdominal pain, vomiting, 

etc which is obvious symptoms of kidney stones. 

To prepare the samples we introduced calcium oxalate 

hydrate (CaC2O4.H2O) (Sigma-Aldrich, United Kingdom) 

powder artificially to the fresh urine of the normal individual. 

A fresh urine sample was collected and centrifuged to prepare 
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suspensions in urine, with 3000 rpm for 5 minutes. The 

centrifugation process has been done by Clinical Benchtop 

Centrifuges from Biocompare, USA. The same urine sample 

has been utilized together for electrical measurements as well 

as urine strip analysis and used as one of the references for the 

study. The rest of the urine sample was centrifuged at 3000 

rpm for 5min and used as the diluent for suspending the 

CaC2O4.H2O powder. The quantity of CaC2O4.H2O powder 

varied from 10 mg, 1 mg, 100 μg and 10 μg per mL of the urine 

sample.  

3.2 Urinalysis 
 

The urinalysis has been done using test strip (SD Uro-Color 

from Republic of Korea) for the identification of main 

elements of urine. The strips react with the sample urine and 

produce a colour change in each reagent pad that determines 

the level of each chemical factor by comparing with standard 

colour chart [30]. The test was conducted one by one for each 

sample. The process has been done at room temperature. 

Figure 3 shows all urine strips tests for different samples. 

 

 
  

Figure 3. Urinalysis test strips for: a) Without Urine (normal values), b) Fresh Urine, c) Centrifuged Urine, d) 10 mg/mL 

CaC2O4.H2O in urine, e) 1 mg/mL CaC2O4.H2O in urine. f) 100 μg/mL CaC2O4.H2O in urine, and g) 10 μg/mL CaC2O4.H2O in 

urine 

 

3.3 Electrical characterization 

 

The sample prepared using the centrifuged urine were used 

for electrical characterization. The electrical characterization 

was performed by loading the urine samples inside the coaxial 

cable of the Gamry-Reference 3000 (from USA) instrument 

and measuring samples’ electrical parameters. The 

capacitance values of the samples have been measured in the 

potential range from ±0.4V and at the frequency of 10 Hz 

which are suitable for polarizing the suspended particles 

without altering the traits of the components inside the sample. 

At this frequency signal-to-noise ratio (SNR) is improved and 

frequency impedance spectra exhibit constant phase angle 

(CPA) character and amplitude. The GR3000 is a USB 

Potentiostat with excellent performance that includes 11 

variant ranges of current from 300 pA with up to 32 A 

compliance voltage while frequency range over 10μHz to 

1MHz. The GR3000 includes power signals generator which 

can measure current vs voltage (IV), capacitance vs voltage 

(CV), polarization along with charging/discharging profiles at 

diverse frequencies. Each sample has been put in an open-

ended coaxial cable (self-resonance above 100MHz) which is 

connected to GR3000. The experiment has been carried out at 

room temperature. Experimental setup of the electrical 

detection of the urine sample, has been depicted in Figure 4. 

Capacitance measurements were conducted in a coaxial 

adaptor connected to coaxial cables. The structure of the 

coaxial adaptor comprised of inner and outer conductors with 

dimensions of 2 and 5 mm, respectively, and a length of 7mm. 

The samples were loaded into the adaptor serving as the 

dielectric material. The advantage of the coaxial topology is 

that the radio frequency signal and the electrostatic field 

propagations are confined and protected from outside 

interferences and the signals do not escape space between 

inner and outer conductors [31]. The experimental data has 

been measured using Gamry software, version 7.8, dedicated 

especially to the GR3000, from which data has been used for 

further analysis.
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Figure 4. Experimental setup of the electrical detection of the urine sample 

 

 

4. RESULTS AND DISCUSSIONS 

 

4.1 Urinalysis 

 

Urinalysis has been done using the urine strips with the 

urine samples containing different concentrations of 

CaC2O4.H2O. Calcium oxalate-hydrate was artificially 

introduced into centrifuged urine to compose the following 

range of concentrations i.e. 10 mg/ mL, 1 mg/ mL, 100 μg/mL 

and 10 μg/mL of urine, while centrifuged urine was used as a 

reference. 

Table 1 depicts the comparison of the control urine strip 

with those containing different concentrations of CaC2O4.H2O. 

The pH value of urine is one of the critical measured 

parameters, a change in which indicates urine pathology [32]. 

The normal urine pH is approximately 6.0 but can range from 

4.5 to 8.0 [33]. Control samples indicated a pH of 5.5. The pH 

of the CaC2O4.H2O at concentrations of 10 mg/mL and 1 mg/ 

mL indicated a value of 6. However, the pH of urine at 

concentrations of 100 μg/mL and 10 μg/mL of calcium oxalate 

was 5.5, that is very insignificant variation. Usually, a 

disparity in pH of urine is explained by the presence of stones 

formed of calcium, oxalate, citrate, proteins and other 

macromolecules, in this case, it is due to the presence of 

oxalate powder [34].  

A normal, healthy individual voids 1000-2000 mL of urine 

per day [35]. Normal levels of urine oxalate excretion are less 

than 45 mg/day (<0.50 mmol/day). Based on an individual’s 

age and gender along with health history and various other 

parameters, the risk of calculi formation is higher even at 

25mg per day, which is considered a normal value [36]. COM 

formation is associated with the occurrence of excess oxalate 

amounts [37]. Conte et al. have shown that there is a link 

between the type of salt present in the stones and their 

properties [38]. Based on the above data we have chosen 10 

μg of CaC2O4.H2O per mL of urine as the lowest concentration 

for the current study. 

The colour pads on the reagent strips for other parameters 

did not show a considerable colour change when compared to 

the reference sample strips. The glucose pad on strip had 

shown value of 100 due to the trace amounts of glucose 

normally excreted in urine. The presence of leukocytes is 

indicated as 75 in the test strip, which is a negligible amount 

and might not always indicate an infection of the urinary tract. 

Bilirubin conjugates with glucuronic or sulfuric acid and 

appears in the sample of urine. The existence of conjugated 

bilirubin inside urine is commonly associated with liver 

disorders like hepatitis, cirrhosis, gallbladder disease and 

various hepatocellular cancers. Urobilinogen is formed by the 

bacterial action on conjugated bilirubin and its appearance in 

urine is caused mostly by hemolysis or hepatocellular 

dysfunction. Protein component indicates a colour range of 1, 

protein enters the urine either due to altered renal functions 

like permeability or tubular damage. Adults have a normal 

specific gravity of 1.005 to 1.030 [39-42]. 

The use of urine-strip test helped in a clear understanding of 

the nature of the urine samples used in the current study and 

the stability of the various parameters. The test results show 

that the urine sample used is within the normal range and no 

significant changes were observed upon mixing calcium 

oxalate, only trivial changes has been observed in the values 

of pH and bilirubin. Hence a sensitive method is required to 

detect even minute amounts of the calcium oxalate in urine.  

 

 

Table 1. Urinalysis of calcium oxalate hydrate powder with centrifuged urine 

 

 
Calcium oxalate hydrate powder (CaOx.xH2O) with centrifuged urine 

10mg/mL 1mg/mL 100g/mL 10g/mL 

pH 6.0 6.0 5.5 5.5 

Glucose 100 100 100 100 

Blood Neutral Neutral Neutral Neutral 

Bilirubin 1 0.5 0.5 0.5 

Urobilinogen 4 4 4 4 

Ketone Neutral Neutral Neutral Neutral 

Protein 1 1 1 1 

Nitrite Neutral Neutral Neutral Neutral 

Specific Gravity 1.030 1.030 1.030 1.030 

Leucocytes 75 75 75 75 
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4.2 Electrical characterization 

 

The capacitance-voltage (CV) profiles for suspended 

CaC2O4.H2O in urine with increasing concentrations from 

10μg/mL to 10 mg/mL has been depicted in Figure 5. The 

capacitance values of the samples have been measured over a 

voltage potential range from ±0.4V and at the frequency of 10 

Hz. The applied voltage range and frequency are suitable for 

polarizing the suspended particles, however, beyond this range, 

the traits of the components inside the sample may get altered 

[43]. Moreover, low frequency of 10 Hz is desirable to 

improve the signal-to-noise ratio (SNR) as well as at this 

frequency impedance spectra exhibit constant phase angle 

(CPA) character and amplitude [44, 45]. The solubility of 

CaC2O4.H2O in urine varies due to pH and common ion effect, 

however temperature also plays a vital role [46]. 

As revealed from Fig. 5, the capacitance for CaC2O4.H2O 

suspensions were inversely proportional to the concentration 

of CaC2O4.H2O; i.e. the suspension with the maximum amount 

of calcium oxalate powder generated the lowest curve while 

curves were found to shift to higher values with decreasing 

concentrations of oxalate powder. For the negative dc bias, all 

curves are almost parallel, however, for positive dc bias curves 

are showing an increasing trend. This may be due to the change 

in the physical and dielectric properties of the calcium oxalate 

when there is a change in the polarity of the applied voltage 

[47]. The average capacitance over negative applied voltage is 

26.72 μF, 18.8 μF, 13.88 μF and 11.40 μF for the samples with 

oxalate powder concentration of 0.01mg, 0.1mg, 1mg and 

10mg per mL of urine, respectively.  

It had been expected that the curves of the suspensions 

would follow the direct relationship between the capacitance 

and CaC2O4.H2O concentration in samples, i.e. for the higher 

concentration of calcium oxalate powder the capacitance value 

must be higher. Nevertheless, a contrasting trend has been 

observed. It can be surmised that it is due to the dynamic 

nature of urine, that varies over time. To verify the time 

dependency of urine, we prepared control-samples from these 

suspended samples, which will act as references for further 

measurements. After the measurements, to concoct control 

samples, the suspended samples were centrifuged, and its 

supernatants were subjected to the electrical measurements. 

The corresponding CV measurements of the control samples 

are depicted in Figure 6. On comparing both the figures, 

Figures 5 and 6, a homologous pattern of capacitive curves has 

been observed. This comparison reveals that the control 

samples have higher values than their corresponding 

suspended samples.  

 

 
 

Figure 5. Capacitance-voltage (CV) measurements of 

calcium oxalate powder suspensions in urine 

 
 

Figure 6. CV profiles of control urine after centrifuged 

suspensions for different masses 

 

The extraction of the supernatant from its corresponding 

suspended samples excludes the effect of the sediment [48], 

leading to the aberrations in the capacitive values for 

controlled samples. Except for 1mg controlled sample, all 

other samples have an increasing slope for the positive applied 

voltage, however, for the negative dc bias, all curves are 

analogous. The average capacitances over negative dc bias are 

28.76 μF, 23.2 μF, 15.8 μF, and 11.48 μF for the samples with 

oxalate powder concentrations of 0.01mg, 0.1mg, 1mg and 

10mg per mL of urine, respectively. 

The time-dependent dynamic nature of urine has been 

manifested in Figure 7. The chronological measurements have 

been taken with approximately 20 minutes gap up to one hour, 

to measure the controlled urine capacitance. As the overall 

urine properties and parameters critically depend on the time 

window, it is recommended to perform the study within the 

time period of 90 minutes [49]. This curve shows a linear 

increase in the capacitance from 11.65 μF to 28.7 μF within an 

hour. It indicated that the control sample undergoes some 

dynamic changes over time. The changes are mostly chemical 

that can distress its electrical parameters leading to a gradual 

increase in capacitance with time. A fitting curve has been 

generated using the linear regression model, with the extracted 

parameters, as depicted in Figure 7. It shows that fitting and 

measured values exhibit approximately the same trend. The 

estimation model parameters are showing very fewer 

deviations from actual empirical values of data. The adjusted 

R-square value is 0.9812 approaching to one which indicates 

that the model perfectly predicts the values in the target field. 

The rate of change of urine over time can be expressed as the 

slope of the fitted curve which is 0.295 μF/min.  

 
 

Figure 7. Time-dependent changes in urine samples 

capacitance, depicting measured and fitting curves. A subset 

table of its curve fitting parameters is also shown 
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The rate of change of urine has been used to de-embed the 

dynamic effect of urine from the suspended samples. By 

performing this step, the capacitance values were corrected for 

any possible changes occurring over the experiment time 

window. After excluding the dynamic effect of the urine from 

the samples suspended with various concentrations of the 

oxalate powder, Figure 8 manifests the effective capacitance 

over negative applied voltage. The capacitance values of each 

supernatant urine samples were deducted from its 

corresponding urine suspension of CaC2O4.H2O powder. Now, 

a reverse trend of normalized capacitance values can be 

observed over negative applied voltage, as compared to Figure 

6, i.e. 10μg < 100μg < 1mg < 10 mg within the range of 4-12 

μF. Even the average magnitude is reduced to 11.3 μF, 6.415 

μF, 5.164 μF and 4.623 μF, for the concentration of 

CaC2O4.H2O in 10mg, 1mg, 100μg, and 10μg, per mL 

respectively. 

In our study, the growth rate model of mass with respect to 

capacitance has been established in Figure 9. The curve shows 

a gradual increase in the mass. Initially, it shows a steep 

increase in mass and later the mass tends to become steady 

with the increase in capacitance. Hence higher values of the 

capacitance indicate higher concentrations of oxalate in the 

urine. Many studies in the urolithiasis field aim at finding new 

and more effective treatments to reduce kidney stones 

formation, which can be done by either controlling the process 

of crystal formation in urine or by increasing the solubility of 

existing crystals. Such studies must be conducted on urine 

samples of known and controlled composition, and thus it is 

very common to observe the use of synthetic urine or the 

artificial introduction of crystals to simulate urine samples 

reflecting a urolithic illness [50-55].   

 

 
 

Figure 8. Capacitance-voltage (CV) profile of oxalate 

powder suspensions after de-embedding the dynamic 

contributions of the urine for negative applied voltages 

 

 
 

Figure 9. Capacitance-Mass (CM) profile with 

logarithmically increasing concentrations of powder 10 μg, 

100 μg, 1 mg and 10 mg over capacitance 

Not using a real sample from individuals prone to kidney 

stone formation should not be a limitation of the study since 

we do not claim the ability to identify the type of salts forming 

the crystal, but rather we prove that insoluble calcium oxalate 

salt can be both detected and quantified. Such ability can be of 

high value especially when performing experiments that 

require the use of urine samples with a known composition. 

For example, quantification of insoluble salts present in the 

urine of known calcium oxalate concentrations can be used 

indirectly to assess the level of crystal solubility when testing 

new medications targeting crystal formation [56]. This can be 

easily done by comparing the measured capacitance values 

after de-embedding step to the provided (mass/capacitance) 

standard curve. Such a method can be favoured on other 

analytical methods that can be lengthy and laborious. 

Expanding this work can be done by testing other kinds of 

crystal-forming salts so that assessing medications can be done 

more effectively and can facilitating the discoveries in this 

field of medicine. This method is much easier, highly sensitive, 

safe, economical and reliable and precludes the requirement 

for lengthy sample processing steps.  

 

4.3 Accuracy and reproducibility 

 

The accuracy and reproducibility of the presented method 

has been checked using repeated electrical measurements 

against multiple calcium oxalate concentrations prepared at 

different times; i.e., all within the employed same applied bias 

voltage. As detailed, the accuracy of these measurements 

using the outlined methodology is comparable with other 

conventional techniques. 

 

 

5. CONCLUSION 

 

The work illustrated describes a novel and label-free 

method for the detection of the presence of calcium oxalate 

hydrate in urine. Urine samples used in this study were 

reconstituted by mixing calcium oxalate hydrated powder with 

fresh urine to simulate urine samples taken from patients at the 

very initial stage of the kidney crystals formation, resulting in 

the presence of high concentrations of oxalate. Such 

abnormality may result from the excess consumption of 

oxalate enriched foods, which ultimately leads to crystals that 

develop into kidney stones. The proposed method involves 

detection and quantification of calcium oxalate in urine based 

on electrical parameters without the need for any pre-

processing steps. Urinalysis using dipsticks has been used to 

acquire preliminary information on the nature of the urine 

sample used in preparing the samples and to show that calcium 

oxalate in urine did not alter other normal parameters even 

when was present at high concentrations.  

The current method was based on the use of electrical 

parameters (capacitance-voltage measurements) to detect the 

initial stage of kidney stones formation through urine. Any 

deviation from the standard urine composition can be detected 

because of the variations in electrical parameters when 

exposed to an electric field, even for the urine sample 

containing calcium oxalate hydrate as low as 10μg per mL. 

Interestingly, this method could detect time-dependent 

intrinsic dynamic changes in the electrical properties of urine 

samples even in the absence of calcium oxalate. Such changes 

could mask the electrical changes that can be imposed by the 

abnormal presence of calcium oxalate in urine. In our study, 
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we overcame this issue by including a de-embedding step, 

where the masking effect was removed, and the electrical 

changes became more relevant and correlated well with the 

increasing concentrations of calcium oxalate hydrate. The 

outlook of the study suggests that it can be used for ionized 

samples, like, cancer and normal cells, DNA, viruses, etc. 
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NOMENCLATURE 

C Capacitance (F) 

d Diameter 

L Length 

Subscripts 

u Urine 

c Calcium oxalate 

s Suspension 
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