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Highlights

Based on creatinine reaction with 2-nitrobenzaldehyde, an electrochemical non-
enzymatic method for the sensitive determination of creatinine is reported in this chapter.
The DPV technique was employed to demonstrate the sensing protocol. A plausible
reaction mechanism has been proposed and successful application of this method for
creatinine determination in a real sample (human urine) was also demonstrated. The
mechanism indicated the formation of multiple electroactive species in the process. The
linear range of detection was determined to be 1-25 mM, with an LOD of 0.50 mM and
an excellent R? value of 0.99, which made the system suitable for creatinine determination
in human urine. Interference studies were carried out with urea, uric acid, glucose, ascorbic
acid and dopamine, and the interference percentages were determined to be within the
acceptable limit. All the components except uric acid showed an interference of less than
3.2%, while uric acid showed a maximum interference of 8.4%. Its robustness, high
selectivity, good sensitivity, and low detection limit project it as a promising new tool for

a point-of-care testing device.
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3.1 Introduction

One of the established non-enzymatic electrochemical creatinine determination
techniques involves the formation of its electroactive complexes by coordination with
metal ions [1-11]. As the conversion of creatinine to an electroactive species is the prime
requisite of such methods, it dawned upon us that creatinine can also be electrochemically
determined by chemically transforming it into an electroactive species in a metal-free
condition. Hence, we embarked on a new approach, which can be based on the utilization

of electrochemical properties of the reaction products of creatinine with organic reactants.

On perusing the literature, we came across some interesting reports from the mid-
20th century on the non-enzymatic transformation of creatinine to other products such as
substituted guanidines. In 1939, Riegert [12] reported a colorimetric detection of creatinine
by converting it to methyguanidine by applying heat, in the presence of HgO and alkali,
followed by using the Sagakuchi colour reaction. This colour reaction was described by
Shoyo Sakaguchi [13] and it’s based on the reaction of L-arginine (which contains a

guanidinium group) with the ‘Sagakuchi reagent’ (a-Naphthol and NaOBr) to give a red-
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coloured compound, as shown in Scheme 3.1.
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Scheme 3.1: Sagakuchi colour reaction.

In 1956, Pilsum et al. [14] reported an improved version of the creatinine-to-
methylguanidine conversion reaction, using additional reagents and controlled steps. The
modified method involved three steps: a) oxidation of creatinine in phosphate buffer-

H>SOy4 solution to oxalylmethylguanidine (2-imino-1-methyl-imidazolidine-4,5-dione) in
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the presence of 2-nitrobenzaldehyde (2-NBA) and NaOH, b) degradation of
oxalylmethylguanidine to methylguanidine by hydrolysis with the application of heat, and
¢) determination of methylguanidine by modified Sakaguchi method [14]. Formation of
methylguanidine has also been reported by oxidation of creatinine adsorbed on charcoal
[15] and by air oxidation of creatinine in the presence of HCI [16] but those were

comparatively time-consuming processes.

As our primary focus was on the quicker chemical transformation of creatinine to
preferably an electrochemically active species, the ‘Step a’ of Pilsum’s method, that is,
creatinine’s reaction with 2-NBA and NaOH, drew our attention. The above-mentioned
chemical oxidation process of creatinine hasn’t been studied electrochemically. Hence, in
this chapter, we initially investigated the electrochemical response of this reaction. The
peculiar electrochemical response which shows a quantitative relation with creatinine
concentration, encouraged us to optimize the conditions and develop a non-enzymatic
method for quantitatively determining creatinine. This method leads to easy and cost-
effective electrochemical determination of creatinine using a bare GCE. Furthermore, a
plausible mechanism for the reaction and designations of the redox processes has also been

proposed.
3.2 Experimental
3.2.1 Chemicals, reagents and instruments

Creatinine was purchased from Alfa Aesar; potassium dihydrogen phosphate from
Rankem; dipotassium hydrogen orthophosphate, urea (extra pure) and 2-
nitrobenzaldehyde (extra pure analytical reagent) from SRL; sodium hydroxide pellets,
ethanol, glucose and potassium chloride from Merck; uric acid, ascorbic acid and
dopamine from Sigma-Aldrich. All these chemicals were of analytical grade and used

without purification.

Biologic SP-300 with EC-lab software setup was used for electrochemical analysis

and Perkin Elmer Frontier MIR-FIR for FTIR spectroscopy.
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3.2.2 Solution preparation

Creatinine solutions (CRS) were prepared in 0.1 M PBS. 7 % 2-NBA solution was
prepared by dissolving 7 mg of solid 2-NBA in 100 pL ethanol and 1.25 N NaOH solution

was prepared in Milli-Q water.

In this chapter, the mixture of PBS, 1.25 N NaOH solution and 7 % 2-NBA solution
is abbreviated as PBS/NaOH/2-NBA or called the ‘blank solution’. The mixture of CRS,
1.25 N NaOH solution and 7 % 2-NBA solution is abbreviated as CRS/NaOH/2-NBA or
called the ‘test solution’. Both blank and test solutions were prepared in the same volume

ratio, i.e., 100:10:1.
3.2.3 Electrochemical and spectroscopic procedures

For electrochemical analyses, 10 pl of 2-NBA solution and 100 pl of NaOH were
added to 1000 pl of PBS (in case of blank solution analysis), CRS or human urine sample,

and transferred to the electrochemical cell for the analyses.

DPV and CV techniques were used to determine a plausible mechanistic pathway
of the reaction between creatinine and 2-NBA in the presence of NaOH. FTIR and UV-vis
spectroscopy were also used to gather evidence for the reaction mechanism. Optimization
of parameters, determination of the limit of detection (LOD) of creatinine based on the
reaction, interference study and real medium (urine) analysis were carried out using the
DPV technique only. For all the electrochemical analyses, a well-polished bare glassy
carbon electrode (GCE) was used as the working electrode, Ag/ AgCI/KCl (3.5 M) as the
reference electrode and Pt wire as the counter electrode. DPVs were recorded from —1.0
V to 0.5 V with a pulse height of 2.5 mV, pulse width of 100 ms, step height of 5.0 mV
and step time of 500 ms. CVs were recorded in the potential range of — 1.0 V to 0.5 V, with
I

a scan rate of 0.1 V s”!. FTIR spectra were recorded in the wavenumber range of 4000 cm™

to 400 cm ™.
3.2.4 Optimization of the reaction parameters

pH and reaction time were optimized, before proceeding to the determination of
LOD, interference and real medium study. Optimization of pH was carried out by
recording the DP Vs for a series of test solutions, each containing 25 mM CRS, but different

pH of the buffer. The test solutions were gently stirred after mixing and incubated for 600
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s before recording their DPVs. The baseline currents were determined by recording
triplicate DPVs for the corresponding blank solutions. The optimum pH for the reaction
was determined from the graph of average peak currents and baseline currents plotted

against the respective pH of the buffer.

Test solutions containing 25 mM CRS, having the previously optimized pH, were
prepared to optimize the reaction time. DPVs were recorded for the test solutions after
different reaction times (from 30 to 1500 s). The optimum reaction time was determined

from the graph of peak currents plotted against reaction time.

3.2.5 [Electrochemical determination of creatinine and LOD calculation

of the system

Triplicate DPVs were recorded at the optimum conditions, for test solutions having
different concentrations of creatinine. A calibration curve was plotted for the average
oxidative peak currents against the creatinine concentrations. Triplicate DPVs were also
recorded for the blank solution to determine the average current and standard deviation in
the absence of the analyte. The unknown concentration of creatinine in real media can be
determined from the calibration curve and the LOD of the system was then determined
using Equation 3.1 where ‘Sb’ is the standard deviation of the blank, and ‘m’ is the slope

obtained from the calibration curve.

Sb
LOD =3 (—)
m

(Eq. 3.1)

3.2.6 Interference

Possible interference by other urinary components, such as urea, uric acid, glucose,
ascorbic acid and dopamine, has been investigated. Triplicate DPVs of test solutions in the
presence of different concentrations of each of the possibly interfering species mentioned
above were recorded at the optimum conditions. The test solutions were prepared
containing 5 mM CRS and the same pH of the buffer (6.6). The percentage of interference
was calculated as the percentage change between the initial peak current, A (in the absence
of interfering species), and the final peak current, B (in the presence of interfering species),

using Equation 3.2.
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A—B
Interference percentage = (%) X 100 %

(Eq. 3.2)
3.2.7 Urine sample

A urine sample for analysis was collected from a volunteer student. After 2-fold
dilution with PBS and adjusting urinary pH to our optimized value, 1 ml of the urine
sample was placed in the electrochemical cell after filtering with a syringe filter, followed
by the addition of 100 nL. NaOH and 10 pL 2-NBA. Triplicate DPVs of the reagents-mixed
urine sample were recorded at optimized reaction time. The process was then repeated for
1 ml of urine samples spiked with different concentrations of creatinine. From the obtained
average oxidative peak currents, creatinine concentration in raw urine was calculated by

considering the dilution factor and the recovery percentages were also obtained.
3.3 Results and Discussion

3.3.1 Electrochemical behaviour
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Figure 3.1: A) DPVs obtained for (a) blank solution (PBS/2-NBA/NaOH), (b) test solution (CRS/2-NBA/
NaOH) containing 25 mM creatinine in the added CRS and (c) 25 mM creatinine solution (CRS) B) a*, b*

and c* are their respective cyclic voltammograms.
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Electrochemical behaviour was studied by comparing DPVs and CVs obtained in
the same pH for the blank, test and creatinine solution. In Figure 3.1 (A), it can be seen in
curve ‘c’ that no redox peak was obtained for the creatinine solution, while two oxidation
peaks Q (—0.53 V) and S (—0.23 V) were observed in the DPV of the blank solution (curve
a). In the DPV of the test solution (curve b), while the intensity of ‘peak Q’ was
considerably inhibited, the same of ‘peak S’ was not significantly affected. In addition,
two new oxidation peaks, P (— 0.69 V) and R (— 0.31 V), appeared in the voltammogram.
A similar trend could be observed in the CVs obtained for the test solution, blank solution
and creatinine solution, as can be seen in Figure 3.1 (B). In addition to the reduction peak,
T, obtained for both the blank solution (curve a*) and test solution (curve b*), another
reduction peak, U, was generated for the test solution (curve b*) as can be seen in their
CVs [Figure 3.1 (B)]. The occurrence of all these peaks is further explained in detail in
Section 3.3.9. However, the generation of the new peaks (P, R and U) and the inhibition of
the native peaks (Q, S and T) in the test solution were indications of a certain reaction
between creatinine and 2-NBA in the presence of NaOH. Only the prominent peaks, P and
Q, were taken into consideration for further analysis using DPV. The processes giving rise

to each peak, and corresponding equations, are explained in Section 3.3.9.

3.3.2 Kinetic model of the system
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Figure 3.2: A) CVs obtained for test solutions with the scan rate a) 25 mV/s, b) 50 mV/s, ¢) 75 mV/s, d)
100 mV/s, e) 150 mV/s and f) 200 mV/s. B) Plot of the anodic peak current (i.r) and the cathodic peak

current (i.y) against the square root of the scan rate (v'’2).
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The voltammogram responses at varying scan rates were analyzed to determine the
kinetic model of the system. Test solutions with 25 mM creatinine in the added CRS were
prepared, having the same pH of the buffer (6.6). After 600 seconds of reaction time, CVs

were recorded for the test solutions at different scan rates, as shown in Figure 3.2 (A).

The oxidation peak P and reduction peak U are the prominent characteristic peaks
generated in the presence of creatinine. Thus, the anodic current corresponding to peak P
(iap) and the cathodic current corresponding to peak U (i.v) were plotted against the square
root of the scan rate (v'’?) to study the kinetics. Figure 3.2 (B) shows the variation of isp
and i,y with v'2. It can be seen in the figure that both anodic peak current and cathodic
peak current displayed linearity when plotted against the square root of the scan rate, and
have very good R? values of 0.98 each. This study inferred that it is largely a diffusion-

controlled process.
3.3.3 Selection of reagent parameters and validating 2-NBA concentration

To 1000 pL of PBS or CRS, 100 uL of 1.25 N NaOH and 10 pL of 7 % (w/v) 2-
NBA solution were added to prepare the blank and the test solution respectively. The
concentrations of NaOH and 2-NBA solution have been maintained as mentioned in the
pioneering work by Pilsum et al. [3]. As the reaction proceeds in an alkaline condition, the
volume ratio of 10:1 for PBS:NaOH or CRS:NaOH was selected to ensure the alkalinity
of the resulting mixture, irrespective of the pH of the buffer. However, the volume of the
added 2-NBA solution was chosen arbitrarily. Hence, there was a need to validate the 2-

NBA concentration in this study.

Test solutions containing 25 mM CRS were prepared, having the same pH of buffer
(6.6) but with different concentrations of the added 2-NBA solution. After 600 s of reaction
time, triplicate DPVs were recorded for each test solution. Figure 3.3 (A) shows a set of

the DPVs for the test solutions with varying 2-NBA concentrations.

Figure 3.3 (B) shows a graph of the average oxidative peak currents (P and Q)
plotted against the 2-NBA concentrations. It can be seen in the figure that the average peak
current of Q increased with the increase in the 2-NBA concentration. However, the average
peak current of P initially increased as we increased the concentration of 2-NBA from 2%
to 7% and reached saturation thereafter. It can be inferred from this study that, as Q is the

native peak of 2-NBA (explained in detail in Section 3.3.9), it was expected to increase

3.8




A novel method for electrochemical determination of creatinine in human urine

based on its reaction with 2-nitrobenzaldehyde using a glassy carbon electrode

Chapter-3

with the increase in the 2-NBA concentration. However, the occurrence and intensity of

peak P depend on the creatinine concentration in the test solution. For any fixed amount

of creatinine, a 7% concentration of 2-NBA was optimum to carry out the electrochemical

analysis, without any waste of chemicals.

a) 2%
e ——b) 5%
c) 7%
—d) 10%
— ) 12%
—f15%
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-1.0
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—a— Average of P
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16

Figure 3.3: A) DPVs obtained for test solutions with the concentration (w/v) of the added 2-NBA solution
being a) 2 %, b) 5 %, ¢) 7 %, d) 10 %, e) 12 % and f) 15 %. B) Plot of average oxidative peak currents (P

and Q) obtained for test solutions against different concentrations of 2-NBA.

3.3.4 pH optimization

T o v o

Current (pA)
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Figure 3.4: DPVs obtained for test solutions when the pH of the buffer was (a) 4.6, (b) 5.0, (c) 5.4, (d) 5.8,

(e) 6.2, () 6.6, (g) 7.0, (h) 7.4, (i) 7.8 and (j) 8.0.
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The effect of pH on the oxidation peaks P and Q were studied with the DPV
technique by varying the pH range from 4.6 to pH 8.0, as shown in Figure 3.4. The pH
range of 4.6 to 8.0 was selected considering that the pH of a normal urine sample is

approximately 6.0 [17]. Peak current at a pH was recorded at the reaction time of 600 s.
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Figure 3.5: A) Plot of average oxidative peak current of peak P (curve a) and average oxidative peak
current of peak Q (curve c) for test solutions; plot of average baseline current for P (curve b) and average
initial blank oxidation peak current for Q (curve d) for blank solutions, against the pH of the buffer. B) Plot
of the current difference in the DPVs of the test and the blank solutions with reference to peak P (curve x)

and peak Q (curve y) at different pH, after 600 s of reaction time.

The curve ‘a’ in Figure. 3.5 (A) shows that the peak current of P increased with the
increase in pH of the buffer from 4.6, reached a maximum at pH 6.6, and decreased
thereafter with a further increase in the pH. In the case of peak Q (curve c), the intensity
decreased almost linearly throughout the pH range from 4.6 to 8.0. It was to be noted that
curve ‘d’ represents oxidative peak currents obtained at — 0.53 V owing to the maximum
oxidation of protonated 2-nitrobenzaldehyde in the absence of creatinine (refer to Section
3.3.9). The obtained trend indicated that in the absence of creatinine, electrochemical
oxidation of protonated 2-NBA was highest at pH = 6.6 of the buffer solution. Similarly,

getting a maximum at 6.6 in the case of curve ‘a’ indicated that the oxidation of a
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transformed product of creatinine (creatol; refer to section 3.3.9) also occurred to a

maximum extent at pH 6.6.

Figure 3.5 (B) shows the current difference between the test and the blank run for
both the peaks in the selected pH range. As expected, the variation pattern was maximum
at pH 6.6, thus indicating that the pH of 6.6 was the ideal pH for quantitative estimation

of creatinine

3.3.5 Optimization of reaction time

5.0

2.54

0 200 400 600 800 1000 1200 1400 1600
Reaction time (s}

Figure 3.6: Time variation of the oxidative current of peak P in test solutions when the pH of the buffer

was (a) 6.6 and (b) 7.4.

DPVs were recorded for test solutions, having equal creatinine concentration but
different pH of buffer (6.6 and 7.4). The oxidation peak P, which occurs only in the
presence of creatinine in the system, was analysed to determine the optimum reaction time.
It can be seen in Figure 3.6 (curve a) that the intensity of peak P initially increased with
time up to 600 s, following which the intensity decreased. This inferred that the optimum
reaction time was 600 s. When the pH of the buffer was 7.4, the peak current variation
followed the same trend, as seen in curve ‘b’, thus indicating that the optimum reaction

time was pH-independent.
3.3.6 Determination of the LOD

Figure 3.7 (A) represents the DPVs obtained for test solutions having the same pH
of buffer but different creatinine concentrations (from 1 to 100 mM) in the added CRS.

The first oxidation peak P was considered to determine the LOD of the system.
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Figure 3.7: A) DPVs obtained for (a) blank solution and (b—1) test solutions containing different CRS
concentrations. B) Calibration curve obtained by plotting average oxidative peak currents (n = 3) of P

against the concentrations of creatinine.

From the plot of average oxidative peak currents of P against the concentrations of
creatinine, as can be seen in Figure 3.7 (B), it was evident that at higher concentrations
(above 25 mM) the calibration curve deviated from linearity. This deviation can be
attributed to the hindrance caused by the unreacted creatinine to the electrochemical
oxidation of creatol at the electrode surface (refer to Section 3.3.9). However, the linear fit
from 1 mM to 25 mM had an excellent R? value of 0.99 with a slope (m) of 0.12 and an
intercept of 1.84. The linear fit is represented by Equation 3.3, where y is the current

response (in pA) and x is the creatinine concentration (in mM).
y =0.12x + 1.84

(Eq. 3.3)

The standard deviation (Sb) for the blank solution was calculated to be 0.02. Thus,

the LOD of this system for the concentration range below 25 mM was determined to be
0.50 mM. Hence, this reported system for creatinine determination well-covered the

concentration range for the determination of urinary creatinine levels.
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A comparison of the linear range of detection, R? value and LOD of our method
with that of some other reported methods of urinary creatinine detection has been tabulated

in Table 3.1.

Table 3.1: Comparison of performance of our method with some other urinary creatinine detection methods.

Linear
SI. range of R? LOD
Method Reference
No. detection  Value (mM)
(mM)
1. Capillary zone electrophoresis 0.2-32 0.99 0.05 [18]

Colorimetric paper-based sensor
2. _ o 0.82-10.0 0.99 0.27 [19]
using 3,5-dinitrobenzoate

Colorimetric paper-based sensor
3. 1.05-20.0 0.99 0.35 [19]
using Jaffe method

Square wave voltammetry using 0.86
4. preanodized screen printed 0.37-3.6 0.99 '10 5 [20]
. 10r
electrode
Chronoamperometry using carbon
5. printed electrodes layered with 0.88-21.65 0.91 - [11]

FeCls and cotton fiber

Chronoamperometry using copper-
6. P ‘ v S COPP Upto12.6  0.99 0.05 [6]
electrodeposited gold electrode

Differential pulse voltammetry
7. ‘ 1-25 0.99 0.50  This work
using bare glassy carbon electrode

3.3.7 Interference study

Next to water, which constitutes about 95% of urine, the most abundantly found
urine component is urea. While urea in blood ranges from 2.6 mM to 6.5 mM, its

concentration in urine can be about 50 times higher [21] i.e., approximately in the range
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of 130 mM to 325 mM. The normal range of all other components in urine is much smaller.
The normal glucose concentration must be below 15 mg/dL (0.8 mM) [22], ascorbic acid
concentration in a number of normal individuals was reported to be roughly in the range
0of 0.11 mM to 0.17 mM but could get a little higher or lower under certain conditions [23],
and, normal dopamine concentration ranges from 0.0003 mM to 0.00313 mM [24]. Iwata
et al. [25] reported that the solubility of uric acid increases with the rise in pH of solutions;
for solutions with pH up to 7.0, the maximum solubility of undissociated uric acid was
found to be 0.35 mM and thereafter, its solubility solely relied on the increase of urate ions
formed by its dissociation. It was also found in the work reported by Chauhan et al. [26]
that the uric acid level in the urine of healthy adults ranges from 0.16 mM to 0.32 mM
with a mean of 0.21 mM, as was measured by their uricase nanoparticles/Au electrode.
Interference imposed in this creatinine detection system by all the above-mentioned
urinary components was studied, considering their solubility in our working pH and by

varying their concentration within their normally found range in human urine.

ol a) No interference = Inset
45 b} Dopamine 254 a
! c) Ascorbic acid Q S
d} Glucose f:& €
4.0 e) Urea t b
f) Uric acid ,'é’ | ¢
~~3.54 82.[}
< f
NG d
= 3.0 1
E 2.5 08
— :
= Potential (V) v/s Ag/AgCI/KCI {3.5 M)
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1.5 1 c
] d
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42 40 -08 06 02 06 08
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Figure 3.8: DPVs obtained for test solutions in the presence of (a) no interference, (b) dopamine (0.003
mM), (c) ascorbic acid (0.3 mM), (d) glucose (0.8 mM), (e) urea (250 mM) and (f) uric acid (0.3 mM).
(Inset: Enlarged view of the oxidation peak P).
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After 600 s of reaction time, the average oxidative peak current of P for a test

solution was determined in the absence of the interfering species. The same was then

determined in the presence of different concentrations of urea, uric acid, glucose, ascorbic

acid and dopamine. The percentage of interference was determined by the percentage

change in the average oxidative peak currents of P in the presence and absence of the other

urinary components, using Equation 3.2. The signal responses are shown in Figure 3.8 and

the values are shown in Table 3.2.

Table 3.2: Percentage of interference to the analytical signal by different concentrations of urinary

components.

Solution

Test
solution

(TS)

TS + Urea

TS + Uric

acid

TS +

Glucose

Concentration of

the added

component to

CRS (mM)

150
200
250
0.1
0.2
0.3
0.4
0.6

0.8

Average oxidative

peak current of P

(nA)

2.52 +0.007

2.51+0.05
2.46 +0.09
2.45+0.04
2.49 +£0.03
2.35+0.06
2.31+0.01
249 +£0.11
2.47+0.13

2.46 +0.09

3.15

Relative
standard

deviation (%)

0.27

1.99
3.65
1.63
1.20
2.55
0.43
4.41
5.26

3.65

Percentage
of
interferenc

(¢

0.58 %
2.48 %
3.12%
1.61 %
6.89 %
8.46 %
1.55 %
2.44 %

2.76 %
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0.1 2.53+£0.12 4.74 0.51 %
TS +
Ascorbic 0.2 2.52 £0.06 2.38 0.43 %
id
ad 0.3 2.5140.10 3.98 0.47 %
0.001 2.52+£0.13 5.15 0.19 %
TS +
0.002 2.53+£0.11 4.34 0.20 %
Dopamine
0.003 2.52+0.05 1.98 0.02 %

It was seen that all the interfering species tend to interfere by varying the intensity
of the original peak current but to a negligible extent. Interference due to urea and glucose
was found to be less than 3.15 %, while interference by ascorbic acid and dopamine was
less than 0.55 %. The highest interference of just 8.46 % was shown by the presence of

0.3 mM uric acid, which was within the acceptable range (< 10 %).

It was also observed in Figure 3.8 that in the presence of uric acid, a well-defined
oxidation peak occurred, centred around 0.24 V. This peak was found distinctly separated
from the oxidation peak, P, thus indicating that this method of creatinine determination can

also be further improved for simultaneous detection of urinary creatinine and uric acid.
3.3.8 Urine sample analysis

Two-fold dilution of the collected urine samples was carried out by adding PBS
having a pH of 6.6 to the urine sample, meanwhile adjusting the pH of the urine sample to
the optimum working pH of this system. 1 ml of the sample was then introduced to the
electrochemical cell by injecting through a syringe filter, so as to filter out any precipitated
or insoluble urinary component. Since it was known from our preliminary experiments
that creatinine is highly soluble in PBS over the complete range of pH, it was unlikely to
precipitate out and give us false results. To the filtered urine sample in the electrochemical
cell, 100 uL NaOH and 10 pL of 2-NBA solution were added, and after 600 s of reaction
time, DPVs were recorded. For analysis of the spiked urine sample, appropriate amounts
of creatinine were added to the urine sample after filtration and the same procedure as
mentioned above was followed. DPVs of the real sample analysis are shown in Figure 3.9

and the recovery data are shown in Table 3.3.
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a) Raw urine sample

= p) 1 mM creatinine spiked
=} 2.5 mM creatinine spiked
——d) 5 mM creatinine spiked

0.5 T T T T T T T T T T T T T T T T
10 08 -06 04 02 00 02 04 06
Potential (V) vis Ag/AgCI/KCI (3.5 M)

Figure 3.9: DPVs obtained for (a) raw urine sample and urine samples spiked with (b) 1 mM, (c) 2.5 mM
and (d) 5 mM of creatinine, after the addition of NaOH and 2-NBA solution.

Table 3.3: Recovery percentage obtained for creatinine in a raw urine sample spiked with different

concentrations of creatinine.

Average
Obtained A = Average recovery
Spiked Obtained E = Expected
peak P obtained RSD percentage
concentration concentration concentration
current concentration (%) (%) =
(mM) (102 mM) (102mM)
(102 pA) (102 mM) (A/E)*100
%

250.19 551.58
0 256.82 606.83 591.67 4.84
257.99 616.58
264.81 673.42
1 258.15 617.92 664.14 521 691.67 96.02
268.13 701.08
283.43 828.58

2.5 284.71 839.25 816.94 2.99 841.67 97.06
277.96 783.00
5 313.49 1079.08 1147.81 4.76 1091.67 105.14
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322.19 1151.57
329.53 1212.75

Figure 3.9 shows that the peak P appears distinctly in the raw urine sample and the
peak current proportionately increases with an increase in the spiked -creatinine
concentrations. Excellent recovery between 96.02 and 105.14 % was obtained for the raw
urine sample spiked with three different creatinine concentrations, as shown in Table 3.3.
The average oxidative peak current of P for the raw urine sample was determined to be
2.55 £ 0.04 pA. Considering the dilution factor, the concentration of the collected urine

sample was calculated to be 11.83 mM, which is within the normal urinary creatinine range

[27, 28].
3.3.9 Discussion: a plausible mechanistic pathway of the reaction

3.3.9.1 Electrochemical perspective

8
{A 1004 B Y
7 -
] 50 -
a) PBS
€1 b) CRS 0d o
oy c) PBS/NaCH = d*
gs; 5 d) CRS/NaCH fj; 504 b+ % a*) PBS
- e) PBS/2-NBA - a* b*) CRS
E 4+ f) CRS/2-NBA E 4004 n c? PBS/NaOH
5 1 n g) PBS/2-NBA/NaOH 5 o d*) GRS/NaOH
3 h) CRS/2-NBA/NaCH e*) PBS/2-NBA
< 4 ? © 1501 e*/ ) CRS/2-NBA
24 g\ . g*) PBS/2-NBA/NaOH
| d\\: . -2004 7% h*) GRS/2-NBA/NaOH
c \
i T
e o -250 -
T~ 1 * 1 1T 1~ 1T * T 1T ™ T 7 T T T T T T T T T
1.2 10 08 -06 -04 -02 00 0.2 04 1.2 1.0 -0.8 -06 -04 0.2 00 0.2 04
Potential (V) v/is Ag/AgCI/KCI (3.5 M) Potential (V) v/s Ag/AgCI/KCI (3.5 M)

3.10: A) DPVs obtained for (a) PBS, (b) CRS, (c) PBS/NaOH, (d) CRS/NaOH, (e) PBS/2-NBA, (f)
CRS/2-NBA, (g) PBS/2-NBA/NaOH (blank solution) and (h) CRS/2-NBA/NaOH (test solution). B) a*~h*

are their respective cyclic voltammograms.

We tried to get an insight into the mechanism of the creatinine reaction with 2-
NBA and the redox processes through a comparative study of CVs and DPVs of different

solutions and solution mixtures (Figure 3.10). In Figure 3.10 (A), curve ‘a’to ‘d’ represents
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the DPVs of PBS, CRS, PBS/NaOH (mixture of PBS and NaOH in the volume ratio of
10:1) and CRS/ NaOH (mixture of CRS and NaOH in the volume ratio of 10:1),
respectively. From these curves, it was evident that no oxidation peak was exhibited by
these solutions and solution mixtures. In the DPV of PBS/2-NBA (mixture of PBS and 2-
NBA in the volume ratio of 100:1), three oxidation peaks (X, Q, Y) were seen in the
voltammogram (curve ). After replacing PBS with CRS in the above mixture (having the
same volume ratio), resulting in CRS/2-NBA, we found that the voltammogram (curve f)
was not affected. It implied that creatinine did not react with 2-NBA. Curve ‘g’ is the DPV
of PBS/2-NBA/NaOH (blank solution) which was obtained by adding NaOH to PBS/2-
NBA. As is evident from its voltammogram, the principal peak, Q, was not affected but
suppression of the small peaks, X and Y, occurred. Along with that, there was a generation
of a new small peak, S. After replacing PBS with CRS in the above mixture, resulting in
CRS/2-NBA/ NaOH (test solution), it was seen that the peaks, X and Y, did not appear, Q
and S got suppressed, and two new peaks, P and R, were generated, out of which the peak
P appeared as the prominent one (curve h). Thus, from the comparison of curves ‘f” and
‘h’, it was obvious that creatinine reacted with 2-NBA in the presence of NaOH and the

reaction involved some redox processes.

The corresponding CV analyses are shown in Figure 3.10 (B). CVs of PBS,
PBS/NaOH, CRS and CRS/NaOH (curve a*-d*) did not show any peak, which was in
accordance with their respective DPVs. Three oxidation peaks (X, Q and Y) were expected
from the CVs of PBS/2-NBA (curve e*) and CRS/2-NBA (curve f*), but only two
oxidation peaks showed up, which corresponded to the peaks, Q and Y, in their respective
DPVs. The small intensity peak, X, did not show up due to the lower resolution of the CV
technique as compared to DPV. Similar to its DPV, in the CV of PBS/2-NBA/NaOH (curve
g*), peak Q and the new peak, S, were also seen, while Y got suppressed. In the CV of
CRS/2-NBA/NaOH, the new peak, P, was seen, reflecting similar results to that of its DPV,
but again due to the lower resolution of the CV technique, the small peaks, R and S, were
not easily distinguishable from each other and appeared to be merged (curve h*). Apart
from the oxidation peaks, a reduction peak, T, was also observed in the curves ‘e*’ to ‘h*’
with varied intensity (intensity in curve f* > e* > g* > h*). In addition to T, another

reduction peak, U, was observed specifically in curve ‘h*’.
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Scheme 3.2: Plausible mechanistic pathway of the reactions occurring in the test solution containing

creatinine, 2-nitrobenzaldehyde/ethanol and NaOH.

The three oxidation peaks (X, Q and Y) obtained in the DPV of PBS/2-NBA (curve
e) can be attributed to being the native oxidation peaks of 2-NBA. The electrochemical
oxidation corresponding to the principal peak Q (— 0.53 V) can be attributed to the le -
1H" oxidation occurring at the nitro group of the protonated 2-NBA to yield ‘Radical I’ as
shown in Scheme 3.2 (path a). This can be substantiated by the literature report that
protonation of nitro groups can be observed in protic solvents [29]. Hence, in a solution of
2-NBA in EtOH (a protic solvent), the nitro group can get protonated to produce the
protonated 2-NBA which can readily undergo electrooxidation to produce ‘Radical I’. The
other two small oxidation peaks of 2-NBA, X (—0.8 V) and Y (1.0 V), can be attributed to

the electron transfer occurring from its carbonyl group (C = O). This claim can be further
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supported by the fact that on the addition of NaOH to PBS/2-NBA, unlike the principal
peak Q, the minor peaks, X and Y, got completely inhibited as can be seen in the DPV and
CV of PBS/2-NBA/ NaOH (curve g and g*, respectively). It was because of the
nucleophilic attack of the dissociated hydroxyl ion (left after reaction with the weak acid
of the buffer) at the carbonyl carbon, which eventually resulted in the formation of an
‘Intermediate I’ and ‘Intermediate II’ (as shown in Scheme 3.2 via ‘path b’) and thereby,
hindered the electro-oxidation peaks, X and Y. However, since the nitro group of 2-NBA
was unaffected by the addition of NaOH, electrochemical oxidation resulting in peak Q
continued to occur from ‘Intermediate I’ and ‘Intermediate II’, via pathways similar to
‘path a’ in Scheme 3.2. Additionally, in curves ‘g’ and ‘g*’, a new oxidation peak, S, was
generated which can be attributed to another electro-oxidation of the ‘Intermediate I’ to

‘Radical II’ by 1e -1H" transfer [Scheme 3.2 (path ¢)].

Peak Q remained unaffected until the formation of ‘Intermediate II’, but on
replacing PBS with CRS in PBS/2-NBA/NaOH, resulting in CRS/2-NBA/NaOH,
suppression of Q, as well as, simultaneous generation of well-defined oxidation peak, P (—
0.69 V) along with a small peak, R, was seen to occur (curve h and h*). This observation
can also be explained by the plausible mechanistic pathway of creatinine reaction with 2-
NBA in the presence of NaOH as shown in Scheme 3.2 via ‘path d’. According to this
mechanism, in the presence of creatinine, ‘path b to d’ of Scheme 3.2 becomes the
dominating path and ‘Intermediate II” participates in the oxidation of creatinine to creatol.
A small fraction of ‘Intermediate II’ reverts back to ‘Radical II’ through ‘path ¢’ thus
leading to a relatively smaller intensity peak, S. Thus, oxidation of the protonated 2-NBA
to ‘Radical I’ (via ‘path a’ of Scheme 3.2) diminished, and consequently, Q got inhibited.
Once creatol is formed in the process as shown, it undergoes electrochemical oxidation
(2e"-2H") to produce oxalylmethylguanidine, thus generating the oxidation peak, P
[Scheme 3.2 (path e)]. Furthermore, the occurrence of R (— 0.32 V) can be attributed to
another route of creatol oxidation by the transfer of le -1H" to form an imine radical, as
represented in Scheme 3.2 (path f). In the CV analysis of PBS/2-NBA (curve e*), oxidation
peak, Y, was seen to have shifted to a little higher potential (1.7 V). The reduction peak T
(— 0.58 V) that was obtained could be attributed to the reverse deprotonation reaction as
shown in Scheme 3.2 (path a’). In the CV analysis of CRS/2- NBA (curve f*), the reduction
peak shifted to a slightly lower potential (— 0.65 V) with an increase in intensity, which
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indicated that in the presence of creatinine, the feasibility of the reverse deprotonation
reaction increased. The suppression of the oxidation peak, Q, resulted lowering of the
intensity of the reduction peak, T, as can be seen in the CV analysis of CRS/2-NBA/NaOH
(curve h*), which further inferred that the peaks, Q and T, are correlated. The occurrence
of another reduction peak, U (— 0.75 V), as observed in curve ‘h*’ could be attributed to

the reverse deprotonation of oxalylmethylguanidine to yield creatol [Scheme 3.2 (path e')].

The mechanism proposed here is a plausible one which is partly corroborated by
the findings of Nakamura et al. [30] in 1990. They reported the formation of a
constitutional isomer of oxalylmethylguanidine, termed as Creatone A (2-Amino-1-
methyl-4,5-imidazoledione) during oxidation of creatinine with mercury (II) acetate and
confirmed its structure by 400 MHz 1 H NMR spectra [30] They also conferred that
formation of Creatone A occurred via another compound, termed as creatol (2-amino-5-
hydroxy-1-methyl-1,5-dihydro-4 H-imidazol-4-one), and it wasn’t the end product either.
Under the action of mercury (II) acetate, creatinine also simultaneously got further
oxidised to a zwitterionic compound, termed as Creatone B, and ultimately to other

substituted guanidine compounds [30].
3.3.9.2 Spectroscopic support

Some FTIR analyses were also performed to gather evidence to validate certain
aspects of the proposed mechanism. As all the FTIR spectra were recorded in the solution
phase, the spectra obtained for the solvents alone had to be subtracted for appropriate

analysis.

In Figure 3.11, it can be seen that when the spectrum obtained for ethanol (curve
c) was subtracted from the spectrum obtained for the ethanolic solution of 2-
Nitrobenzaldehyde (spectrum ‘a’), it resulted in the spectrum denoted by spectrum ‘d’.
Three characteristic peaks of 2-NBA can be seen in spectrum ‘d’: at 1704 cm ™! which can
be attributed to the stretching frequency of C = O; at 1536 cm™! which can be attributed to
the asymmetric stretching frequency of the nitro group and at 1349 ¢cm™! which can be
attributed to the symmetric stretching of the nitro group [31]. But, when the spectrum of
ethanol (curve ¢) was subtracted from the spectrum obtained for the mixture of ethanolic
solution of 2-NBA and NaOH, it resulted in a spectrum denoted by curve ‘e’. It can be

seen in curve ‘e’ that no peak owing to the stretching frequency of C = O appeared, while
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the peaks for asymmetric and symmetric stretching of the nitro group shifted to slightly
higher wavenumbers (1634 cm™!' and 1394 cm™!). These shifts can be attributed to the
effect of steric hindrance on the nitro group due to local environment change or H-bonding.
Furthermore, broadening observed in the peaks due to symmetric and asymmetric
stretching of the nitro group in curve ‘e’ could be attributed to conformational changes and
H-bonding. Moreover, an additional peak obtained at 1041 ¢cm™' in curve ‘e’ can be
attributed to C-O stretching [32]. These observations inferred the generation of
‘Intermediate I’ and ‘Intermediate II’ (that comprise C-O bonds and the nitro group in a

more sterically hindered position) on the addition of NaOH to 2-NBA.

a) 2-NBA
b) 2-NBA/NaOH
¢} Ethancl

d) Difference between 'a’ and 'c’

e) Difference between 'b' and '¢’

o I

= s

85 d 1634 cm 1394 cm

[49)

£ )

£ 17040m !
= |c CM 1536 cm
£

2]

c

©

155

-

T T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber (cm'1)

Figure 3.11: FTIR spectrum obtained for a) ethanolic solution of 2-NBA, b) 2-NBA/NaOH, ¢) ethanol, d)
solvent (ethanol spectrum) removed spectrum ‘a’, and e) solvent (ethanol spectrum) removed from

spectrum ‘b’.

Figure 3.12 represents the FTIR spectrum obtained for the test solution, blank
solution and PBS. It can be seen in the figure that the spectrum of PBS appears as the

prominent one which masks the characteristic peaks in the other spectra.

3.23



A novel method for electrochemical determination of creatinine in human urine

based on its reaction with 2-nitrobenzaldehyde using a glassy carbon electrode Chapter-3

Transmittance (a.u.)

a) CRS/2-NBA/NaOH (test solution)
——b) PBS/2-NBA/NaCH (blank solution)

c) PBS

T v T v T T T
4000 3000 2000 1000
Wavenumber (cm'1)

Figure 3.12: FTIR spectrum obtained for a) test solution (CRS/2-NBA/NaOH), b) blank solution (PBS/2-
NBA/NaOH), and c) PBS.
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Figure 3.13: FTIR spectrum obtained for A) test solution, and B) blank solution, after subtracting the

spectra of solvents.

When the spectra of the solvents (PBS and ethanol) were subtracted from the
spectrum of the test solution, some characteristic peaks were observed as shown in Figure

3.13 (A). The peaks at 1594 cm ! and 1396 cm ™! can be attributed to the asymmetric and
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symmetric stretching of the nitro group. This infers the regeneration of 2-NBA from the
‘Intermediate Il-creatinine complex’, in the test solution (regeneration of 2-
Nitrobenzaldehyde was also confirmed by TLC). The peak at 1053 cm™! can be attributed
to the C-O (in the alcoholic group) stretching frequency. This infers the production of
creatol. The peak at 1653 cm™! can also be attributed to C = N stretching frequency, which

is a characteristic peak of both creatol and creatinine.

However, when the spectra of the solvents (PBS and ethanol) were subtracted from
the spectrum of the blank solution, no characteristic peak was observed as can be seen

below in Figure 3.13 (B).

These observations also indicated a reaction between creatinine and 2-NBA in the

presence of NaOH and fairly supported our proposed plausible mechanism.
3.4 Conclusion

We have successfully demonstrated an electrochemical wurinary creatinine
determination method based on the oxidation reaction of creatinine with 2-
nitrobenzaldehyde/ethanol, in the presence of sodium hydroxide. Based on the
electrochemical responses generated by DPVs and CVs, and corroborated by
spectroscopic data, we have proposed a detailed mechanistic pathway of creatinine
oxidation in this system. The detection and determination of creatinine level in a sample
was accomplished with the DPV technique, after optimizing parameters like pH and
reaction time. In the linear range of 1-25 mM, an excellent R? value of 0.99 was achieved
and the LOD was determined to be 0.50 mM. Interference studies were carried out in the
presence of other urinary components like urea, glucose, uric acid, dopamine and ascorbic
acid, and overall, our process displayed a very good selectivity. Real sample analysis in
human urine was successfully performed and recovery of spiked creatinine that was
obtained in the range of 96.02—105.14 % also infers excellent sensitivity of the process.
This electrochemical creatinine determination process requires neither tedious sample
preparation nor intricate electrode modification, as it can be performed with bare GCE.
Furthermore, it is an economical and time-efficient method. This is, in fact, a very novel
approach involving a one-pot reaction for electrochemical creatinine detection, as it was
accomplished by prior chemical conversion of creatinine to electroactive species, without

the involvement of any enzyme or metal complex.
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