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1.1 Introduction to creatinine: a significant metabolic waste product

‘Metabolic processes’ and ‘life forms’ are two inextricable terms, as every living
organism is an abode to multiple chemical synthesis (anabolism) or breakdown
(catabolism) reactions that are imperative for its survival. Decades of research have been
dedicated to decoding the intricated mechanistic pathways of those metabolic processes
and research in this field continues. While many of the proposed mechanistic pathways
have widely been accepted, the precise mechanisms for some processes are still
unbeknownst. The metabolic processes yield several products and waste products, and one
example of a waste product formed in the muscle tissues by the catabolism of creatine
{IUPAC name: 2-[Carbamimidoyl(methyl)amino]acetic acid} is a nitrogenous base named
creatinine (IUPAC name: 2-amino-3-methyl-4 H-imidazol-5-one). It has been reported that
the biosynthesis of creatine in the human body involves three amino acids, namely,
arginine, glycine and methionine; two enzymes, namely, L-arginine:glycine
amidinotransferase (AGAT) and glycine N-methyltransferase (GAMT); and, meanwhile,
follows an inter-organ (kidney to liver) pathway [1]. Following its biosynthesis, creatine
is ingested into the bloodstream and located predominantly in the skeletal muscles, which
contain approximately 95% of the total creatine pool [2, 3]. The muscle cells offer the site
where a reversible phosphorylation reaction of creatine occurs for energy storage to
produce phosphocreatine, catalyzed by the creatine kinase enzyme [4, 5]. However, both
the compounds, creatine and phosphocreatine, break down spontaneously, non-
enzymatically and irreversibly in the muscle cells to produce creatinine [4, 5]; the exact
cause and chemistry behind which is not yet well-established. The biosynthesis of creatine

and creatinine has been illustrated in Scheme 1.1.

Production of Guanidinoacctate is taken Creatine is located in the muscle cells where its
guanidinoacetate occurs in up by the liver and is phosphorylation to phosphocreatine and breakdown to
the kidney converted to creatine creatinine occurs

Enzyme
Creatine
Kinase

[ Creatine ] + [ATP] : [ADP] “+ [Phusphncreatine]

Glycine B .
Arginine

[ [S-adcnusylmcthioninc] [S-adcnylhnmocystcinc] /
O
Creatinine

Scheme 1.1: Steps involved in the biosynthesis of creatine and creatinine.
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Despite being a waste product of muscle metabolism which ought to be excreted
out of the body via urine, creatinine holds great significance in the field of healthcare and
research. After permeating the muscle cell membranes, creatinine diffuses into the
bloodstream and is eventually filtered out by healthily functioning kidneys through
glomerular filtration [6]. The glomerular filtration rate (GFR), which can be defined as the
rate at which the filtration through the glomerulus occurs (or, the rate at which the filtered
fluid flows through the kidneys), is a standard measure of renal function. When an
individual suffers from Chronic Kidney Disease (CKD), several symptoms such as nausea,
fatigue, pain, anxiety, insomnia, etc. may show up [7]. Simultaneously, the individual's
GFR decreases and the concentration of creatinine in serum or urine consequently deviates
from normalcy. The normal range of serum creatinine varies from 0.7 to 1.5 mg/dL for
healthy males and from 0.6 to 1.4 mg/dL for healthy females [8], while creatinine level in
normal human urine ranges from 280 mg/L to 2590 mg/L i.e., from 2.48 mM to 22.92 mM
[9, 10]. Any deviation from these normal ranges would indicate a poor GFR which reflects
malfunctioning of kidneys. Hence, creatinine is a direct marker for any renal
dysfunctionality and the accurate determination of creatinine in body fluids is of utmost

necessity to monitor the renal function of an individual.

A question that can be posed here is why creatinine, among several other biological
components, is widely accepted as the marker for renal dysfunctionality. The answer lies
in the catabolism rate of muscular creatine and phosphocreatine as the non-enzymatic
conversion of these compounds to creatinine occurs at an almost constant rate of 2 % per
day [11], which results in a fairly stable concentration of creatinine in the serum unless
deviated due to renal malfunctions. Furthermore, creatinine is also filtered freely, unbound
to any protein, by the glomerulus and does not get reabsorbed in the renal tubules either
[12]. Historically, urea and blood urea nitrogen (BUN) have also been used as markers to
assess renal function [13]. In fact, urea was the first used marker in this context, followed
by BUN in the mid-1900s [13]. However, non-renal factors like diet and urea cycle
enzymes can lead to the overproduction of urea, and soaring of the BUN level due to
pregnancy or intake of protein-rich food has also been reported [14]. Thus, urea and BUN

are regarded as poor markers, while creatinine emerges as more reliable.

Some low molecular weight proteins (LMWPs) such as f>-microglobulin (B2M),

[-trace protein (BTP) and cystatin C are also currently in focus as potential renal function
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markers [13, 14]. It is debatable if the determination of B2M concentration in urine can
evaluate renal functions precisely, as some studies have proven that B2M mostly gets
destroyed by proximal tubular cells after it’s filtered through the glomerulus, which
markedly lowers its quantity in daily excreted urine to below 400 ng [ 15, 16]. Nevertheless,
its serum level increases with a decrease in renal functions [15, 17] and, unlike creatinine,
its concentration in serum is not dependent on muscle mass [18]. Therefore, recently, some
researchers [19-26] have explored the usage of B2M as a renal function marker but no
major advantage over creatinine can be claimed as its concentration in serum is reported
to increase due to many other factors like lymphoproliferative disorders [27]. BTP exhibits
properties similar to B2M as the former also gets filtered through the glomerulus in a free
state and reabsorbed by the proximal tubular cells, with its concentration in serum being
proportionally affected by deteriorating GFR [28]. Thus, BTP has also been utilized as a
laboratory tool to assess the functioning of kidneys [24-26] but it has been critiqued that
BTP shows no improvement in accuracy or precision over other renal function markers
[29]. Amongst the low molecular weight proteins, cystatin C has been the most explored
one in this regard [30-39]. While some studies in the early 2000s acknowledged the
superiority of cystatin C over serum creatinine due to being independent of age, gender
and muscle mass, and being more efficient in determining GFR or renal functions in
patients suffering from diabetes (type 1 and type 2) or cirrhosis [40-44], some latest
investigations have outlined the dependence of cystatin C levels in the serum on several
non-GFR factors like steroid intake, thyroid dysfunction, adiposity and inflammation [45].
In comparison to creatinine, another challenge for the LMWPs in the discussion is their
respective normal concentration in serum; 1.5 to 3 mg/L for B2M, < 0.70 mg/L for BTP
and 0.59 to 1.04 mg/L for cystatin C [46, 47]. The normal concentrations of these LMWPs
are many-fold lower than the normal concentration of serum creatinine, which presents an
uphill task to the researchers as the detection techniques for the LMWPs have to be

comparatively more sensitive to detect the lower concentrations precisely.

From the brief discussion above, it can be argued that although some other
biological components are being considered for the development of a better renal function
marker, several adversities have to be addressed and thus, the significance of creatinine as
the most reliable and widely accepted renal function marker is unlikely to be obsoleted in

the near future.
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1.2 Creatinine clearance and GFR: formulas, comparison and ranges

Another important term that emphasizes the role of creatinine and needs to be
discussed in this chapter is ‘creatinine clearance’ (CLcr). CLcrcan be defined as the volume
of plasma from which creatinine gets completely filtered out due to glomerular filtration
in unit time. A CL test provides an assessment of the functioning of the kidneys, much

like the determination of GFR does.

(Ucr) x (Vy)
Cler = SCr .

(Eq. 1.1)
Equation 1.1 represents the traditional formula used for determining CL.: (in
mL/min), where UCr is the urinary creatinine concentration (in mg/100 mL), SCr is the
serum creatinine concentration (in mg/100 mL) and Vy is the volume of urine collected in
24 hours [48]. This traditional formula merely compares the creatinine concentrations in
serum and urine. In a report published in 1959, Edwards and Whyte [49] used another
formula which highlighted the importance of body surface area (BSA, expressed in m?)
for calculating CLcr, (in mL/min/1.73 m?) as represented by Equation 1.2.

(UCr) x (Vy) x 1.73

CL.. =
cr SCr x BSA

(Eq. 1.2)
BSA can be calculated by using the Du Bois formula [50], where body weight
(BW) is expressed in kg and height (Ht) in cm, as represented by Equation 1.3.

BSA = 0.007184 x BW?425> x Ht%725

(Eq. 1.3)

Some detailed analyses further identified the dependence of CL. on multiple
factors like age, BW, BSA, Ht, creatinine production rate and gender. Hence, new
alternative formulas for CL. were deduced by incorporating one or more of these factors
as variables, along with SCr (in mg/100 mL), but didn’t require the collection of urine
specimens. Although UCr is not included in the final versions of the alternative formulas,
a common step in deducing the formulas required the determination of the 24-hour urinary
creatinine concentrations. A comprehensive explanation of all the steps involved in the

deduction of these formulas is not included here as it is beyond the scope of this present
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work. However, a brief description of some widely accepted formulas for CL and their

variables is presented below.

In 1973, Roger W. Jelliffe [51] deduced two formulas for determining CL;: first, a
non-normalized gender-based formula for CL¢ (in mL/min) by incorporating age, and
second, a normalized gender-based formula for CLc (in mL/min/1.73 m?) by incorporating
both age and BSA (expressed in m?), as represented by Equation 1.4 and Equation 1.5

respectively.

98 — [0.8 X (Age —20)])

CL¢r (for males) =

SCr
(Eq.1.4)
98 —[0.8 x (Age —20)} x (222
CL, (for males) = ¢ [0:8 % ngr }x(1.73)
(Eq. 1.5)

CL,; for females can be determined using Jelliffe’s equation by multiplying CLe;
obtained from Equation 1.4 and Equation 1.5 with 0.90. The age of the individual whose
CLc has to be determined must be rounded off to the nearest digit divisible by 10 in these

equations.

In 1976, Donald W. Cockcroft and M. Henry Gault [52] incorporated BW (in kg)
and age to deduce a gender-based formula to determine CL¢; (in mL/min), as represented

by Equation 1.6.

(140 —Age) x (BW)
72 X SCr

CL. (for males) =

(Eq. 1.6)
CL. for females can be determined using the Cockcroft-Gualt equation by
multiplying CL. obtained from Equation 1.6 with 0.85. Amongst the CL.: determining

formulas, the Cockcroft-Gault equation has been extensively applied in the literature [53-

57].

In 1988, Daniel E. Salazar and George B. Corcoran [58] incorporated BW (in kg),
Ht (in m) and age to deduce gender-based formulas to determine CL. (in mL/min),

specifically for obese individuals, as represented by Equation 1.7 and Equation 1.8.
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(137 —Age) x [(0.285 x BW) + (12.1 x Ht?)]

CL.; (for males) =

(51 x SCr)
(Eq. 1.7)
(146 —Age) x [(0.287 x BW) + (9.74 x Ht?
CL.; (for females) = ge) x| (60 X 5C) ( )
(Eq. 1.8)

All the new CL¢ determining formulas mentioned above have a common
limitation, as these formulas apply to individuals with stable levels of SCr [48]. Hence, in
2002, Roger Jelliffe [48] reported another formula to calculate CL¢ (in hundreds of
mL/min) for individuals with unstable levels of SCr, by incorporating BW (in hundreds of
grams), adjusted creatinine production rate (Pagj, expressed in mg/day) and recording two
serum creatinine concentrations (SCri and SCr», expressed in mg/100 mL) after a period
of T (expressed in number of days), as represented by Equation 1.9.

L. = (Pagj X T) — 0.4BW(SCr,— SCry)
cr T X SCrayg X 1440

(Eq.1.9)
In Equation 1.9, SCray, is the average of SCri and SCr2, and 1400 is the minutes in
24 hours. In this 2002 Jelliffe formula, P.gj was calculated by equating it with 24-hour

urinary creatinine concentration [48].

On the other hand, based on the determination methods, GFR can be broadly
classified as the measured GFR (mGFR) and the estimated GFR (eGFR). While mGFR
can be determined by assessing the clearance of exogenous filtration markers like inulin,
iohexol, chromium 51-ethylenediamine tetraacetic acid, technetium 99m
diethylenetriamine pentaacetic acid and iothalamate, eGFR can be determined by
assessing the clearance of endogenous filtration markers like serum creatinine and cystatin
C [59]. Due to the impractical and expensive approach to determining mGFR, the
determination of eGFR, despite its lack of precision, has found prominence in clinical
practices [59]. At this point, a similarity between the calculated eGFR (based on the
clearance of creatinine) and CL. can be reckoned, and the terms are often used
interchangeably. For example, there are reports where the Cockcroft-Gault equation is
stated to be used to determine GFR [60, 61]. However, it is important to note that although

CLc:provides a close evaluation of eGFR, the values obtained for simultaneously recorded
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CLcrand eGFR are unlikely to be equal for an individual with stable SCr. A study in 2011
reported the overestimation of GFR by using the Cockcroft-Gault equation due to the
tubular excretion of creatinine [62]. Another analysis, published in the year 2006, reported
the underestimation of GFR by 14 % in normal-weight diabetic patients, and
overestimation of GFR by 15 % and 55 % in overweight and obese diabetic patients
respectively, by using the Cockcroft-Gault equation [63]. In 1958, Edwards and Whyte
reasoned out that the value obtained for CLc; is ‘equivalent’ to that of GFR [49]. In 2016,
Fernandez-Prado et al. also rightly distinguished between CL. and eGFR, as they
compared the Cockcroft-Gualt equation with the equation for eGFR proposed by Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) [64].

~ SCr SCr .
eGFR = 142 X mln(T,l)al X max (T,l)aZ x 0.993848° x 1.012 (if female)

(Eq. 1.10)

Equation 1.10 represents the equation for eGFR (in mL/min/1.73 m?) proposed by
CKD-EPI in 2021 where SCr is expressed in mg/100 ml; « is 0.9 for males and 0.7 for
females; min(SCr/k, 1) refers to the minimum of SCr/k and 1; max(SCr/x, 1) refers to the
maximum of SCr/k and 1; the coefficient a; (-0.302 for males and -0.241 for females) is
used when SCr for males is < 0.9 mg/100 mL for males and < 0.7 mg/100 mL for females;
and the coefficient a; (-1.200) is used when SCr is > 0.9 mg/100 mL for males and > 0.7
mg/100 mL for females [65]. This 2021 CKD-EPI equation is an updated version of
another equation proposed by CKD-EPI in 2009, which was race-dependent. The task
force formed by the National Kidney Foundation (NKF) and the American Society of
Nephrology (ASN) recommends the 2021 CKD-EPI equation over the 2009 CKD-EPI

equation, ruling out the race factor from the equation [66].

Apart from CKD-EPI equation, some formulas proposed by the Modification of
Diet in Renal Disease (MRDR) study for calculating eGFR (in mL/min/1.73 m?) are also
popularly used. The formulas for eGFR proposed by the MRDR study are based on age,
gender, demography and several serum and urine variables (SCr, concentration of serum
urea nitrogen and albumin and urine urea nitrogen excretion) [67-69]. Later, a simplified
MRDR equation, named the abbreviated MRDR (aMRDR) equation, was deduced [69].
Equation 1.11 represents the aMRDR equation, which depends on SCr (in mg/100 mL),
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age, gender and ethnicity. The MDRD equations, however, faced criticisms due to poor

precision and performance in calculating eGFR > 60 mL/min/1.73 m? [70].

eGFR = 186 x SCr~1155% x Age™0203 x 0.742 (if female) X 1.21 (if African

— American)

(Eq. 1.11)

With eGFR unit expressed in mL/min/1.73 m2, according to the published
guidelines by Kidney Disease: Improving Global Outcomes (KDIGO), eGFR > 90 (G1
stage) is considered normal or high; 60 < eGFR < 89 (G2 stage) refers to a slight decline
in renal function; 45 < eGFR <59 (G3a stage) refers to a mild or moderate decline in renal
function; 45 < eGFR < 59 (G3b stage) refers to a moderate or severe decrease in renal
function; 15 < eGFR < 29 (G4 stage) refers to a critical decline in renal function; and,
eGFR < 15 (G5 stage) refers to renal failure [71, 72]. While it can be inferred that any
individual who is at the G3a, G3b or G4 stage, is suffering from kidney disease, the G2
stage infers the early stage of renal issues, and patients at the G5 stage require dialysis.
Notably, although the lower eGFR has conventionally been associated with renal
malfunctions, high eGFR might also indicate hyperfiltration of blood due to any possible
renal injury [73].

1.3 Creatinine determination methods used in clinical practices and their

limitations

As the previous sections highlighted the importance of creatinine, it is
comprehensible now that the accurate determination of creatinine concentration in human
body fluids is necessary to well-utilize its role in monitoring human health (renal function).
Apart from accuracy, the other aspects that must be considered in developing creatinine
quantification methods are sensitivity, robustness, longevity, cost and time. Since the late
19" century, several methods have been proposed for creatinine detection and
quantification in urine and serum. However, only two methods, the ‘Jaffe method’ and the
‘Enzymatic method’, are popularly used in clinical practices. A brief description of the
development and principles of both methods, along with a comparison of their analytical

performances, is provided in the sub-sections below.
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1.3.1 Jaffe method

The Jaffe method is regarded as the traditional method for determining creatinine
levels. It is based on the reaction between creatinine and sodium picrate in an alkaline
medium to form an orange-red coloured creatinine-picric acid complex (Janovsky
complex). It was in 1886 when Max Jaffe studied the behaviour of picric acid in human
urine and reported that creatinine reacts with picric acid in the presence of a few drops of
dilute potassium and sodium hydroxide solution to form the coloured complex [74].
Although Jaffe established the principle, Otto Folin and Morris developed the reaction for
clinical practices by mixing 1 mg of creatinine with 20 mL of picric acid and 1.5 mL of 10
% sodium hydrate solution.[75]. The mixture was incubated for 10 minutes before
subjecting it to a colorimeter [75, 76]. As the colour of the complex was noted to be more
intense for samples with higher concentration of creatinine, the complex exhibited an
absorption peak at 520 nm with its intensity proportional to creatinine concentration [74,
77, 78]. Thus, a colorimetric determination of creatinine could be carried out using the
Jaffe reaction. Scheme 1.2 is a structural representation of the Jaffe reaction. The structure
of the Janovsky complex, as shown in Scheme 1.2, is well-established in the literature [79,

80].

OH
o} o O.N NO,
O,N NO, r‘é OH_ H o
+ N, NH —>»
4
Ho Y NO;
NH /N NH
NOz H3C T‘r
NH
Picrate ion Creatinine Janovsky complex

Scheme 1.2: Structural representation of the Jaffe reaction.

The wide acceptance of the Jaffe reaction in clinical practices had ceased the
clinical use of the Neubauer reaction for creatinine determination, which was proposed in
the late 19™ century and was based on a creatinine-zinc coloured complex formation in an
alcoholic medium [81]. However, the major drawback of the Jaffe reaction for creatinine
determination was the non-specificity of the reaction, as Max Jaffe himself noted that the

formation of the Janovsky complex was affected in the presence of organic compounds
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like glucose and acetone [74, 81]. Further studies confirmed that other body fluid
components like protein, glucose, bilirubin, uric acid, antibiotics, etc. or high doses of
administered aminoglycoside antibiotics like streptomycin interfere with the Jaffe reaction

[82-85].

Several modifications of the Jaffe reaction have also been proposed to minimize
the effect of interference. The kinetic study of the Jaffe reaction proposed by J. G. H. Cook
emerged as a notable modification of the traditional method [86]. Cook recorded the
increase in the absorption peak at 510 nm for the system containing standard creatinine
solution/serum and Jaffe reagents, at a time interval of 60 s, and the kinetic study revealed
that the rate of increase of the absorption peak is proportional to the creatinine
concentration [86]. Another interesting modification of the Jaffe reaction involves an
additional step of deproteinizing the serum before adding the Jaffe reagent, as the use of
sodium dodecyl sulphate, tungstic acid and potassium ferricyanide has been reported for
the removal of proteins from the sample [87-91]. In 1935, Borsook also demonstrated the
use of Lloyd’s reagent to adsorb creatinine from acid serum or plasma, followed by its
elution in an alkaline medium and determination via the Jaffe reaction [92]. These
modified methods were not free from limitations either. While the Kinetic Jaffe method
suffers from imprecision at low creatinine levels, the deproteinization step doesn’t assure
the minimisation or removal of interference by other body fluid components, and the
process of adsorption by Lloyd’s reagent, although ensures higher specificity, results in the
loss of creatinine in the subsequent elution step [93, 94]. An electrochemical study of the
Jaffe reaction with Edge Plane Pyrolytic Graphite electrode and screen-printed carbon
electrode was also reported with its application restricted to detecting only urinary

creatinine [79].

Nevertheless, despite some limitations, the Jaffe method is the oldest method that

is still used in clinical practices for determining creatinine levels.
1.3.2 Enzymatic method

The use of enzymes for determining creatinine levels stemmed from the attempt to
develop interference-free methods as an alternative to the Jaffe method, and it succeeded
to a great length. It was especially in the early 1980s when several promising enzymatic

methods, using spectroscopic techniques, were reported. Initially, the enzyme ‘creatinine
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iminohydrolase’ was preferred, which hydrolyses creatinine to produce N-
methylhydantoin (IUPAC: 1-methylimidazolidine-2,4-dione) and ammonia [95-97].
Sunberg et al. used creatinine iminohydrolase to develop an enzymatic creatinine
determination method by mixing the produced ammonia with bromophenol blue indicator
and analysing the change in the absorption band at 600 nm, which was proportional to
creatinine concentration [95]. Toffaletti et al. also utilized the same reaction scheme and
studied the difference in reflection density at 600 nm at an angle of 45°, which was
dependent on creatinine concentration [96]. Tanganelli et al., although used creatinine
iminohydrolase to yield N-methylhydantoin and ammonia, the produced ammonia was
subjected to an auxiliary reaction with a-ketoglutarate, catalysed by glutamate
dehydrogenase, in the presence of NADPH [97]. The auxiliary reaction produces L-
glutamate and NADP", with the concentration of NADP" proportionally varying with
creatinine concentration in the sample [97]. After an incubation period of 15 min, the
change in the absorbance at 340 nm was recorded to determine creatinine concentration
[97]. Scheme 1.3 illustrates the reported reaction steps for the enzymatic creatinine

determination using the creatinine iminohydrolase enzyme [95-97].

O

~

N. NH
HC’ \n,
NH
Creatinine OH
Br. Br
Creatinine O pr
_ H,0 Bromophenol Blue
iminohydrolase . o + NH.*
O,\\. ,O
c{’ Br
O
,N NH + NHj Deprotonated Bromophenol Blue
HaC W
O
N-Methylhydantoin 0 (¢]
a-ketoglutarate, NADPH" o + HO + NADP*
Glutamate NH;
dehydrogenase

L-glutamate

Scheme 1.3: Enzymatic hydrolysis of creatinine by ‘creatinine iminohydrolase’ and the subsequent steps

for creatinine determination.
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It can be seen that the enzymatic determination of creatinine using creatinine
iminohydrolase is dependent on the produced ammonia. Thus, interference by endogenous
ammonia is a major drawback of this system. Although Tanganelli et al. mentioned the
necessity of a preincubation stage for eliminating endogenous ammonia, where the
auxiliary reaction is carried out without adding the enzyme to the system, this is a
cumbersome and time-consuming process that cannot be apt for clinical practices [97].
Hence, researchers deflected their attention to developing enzymatic creatinine-
determining methods that can be labour-saving and independent of any endogenously

present component.

The exploration of the enzyme, creatininase (creatinine amidohydrolase), resolved
the complication mentioned above to a large extent. Concomitantly, a few enzymatic
creatinine-determining methods were reported, based on the initial hydrolysis of creatinine
by creatininase to produce creatine, followed by different subsequent enzyme-catalysed
steps [78, 98, 99]. However, in all these methods, the role of ammonia in determining
creatinine level is completely obliterated and no additional preincubation step is required.
Such advantageous observations eventually led to the development of an automated and
sensitive multi-enzyme, multi-step process for creatinine determination, that was also
accepted for clinical practices. The reactions occurring in this clinically practiced
enzymatic method can be explained in 4 steps: ‘Step 1’ is the hydrolysis of creatinine by
creatininase to produce creatine; ‘Step 2’ is the hydrolysis of creatine by creatinase to
produce sarcosine and urea; ‘Step 3’ is the oxidation of sarcosine by sarcosine oxidase to
produce glycine, formaldehyde and hydrogen peroxide; and ‘Step 4’ is the reaction of
hydrogen peroxide with 4-aminoantipyrine and N-ethyl-N-sulfopropyl-m-toluidine,
catalysed by peroxidase, to produce an quinoneimine dye [78]. Thus, a colorimetric
creatinine determination can be accomplished as the formation of the dye results in a
change of absorbance at 548 nm, which is proportional to creatinine concentration [78].
Interestingly, Fossati et al. presented a modified version of ‘Step 4’ where 3,5-dichloro-2-
hydroxybenzenesulfonic acid is used in place of N-ethyl-N-sulfopropyl-m-toluidine to
yield a quinine-monoimine dye [99]. The change in absorbance at 510 nm was studied in
the Fossati method and the absorbance change was noted to be proportional to creatinine
concentration [99]. However, HCI was also produced as a by-product in ‘Step 4’ of the

Fossati method, which might also interfere with the system by decreasing the activity of
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enzymes. The reaction steps involved in the clinical method of enzymatic determination

of creatinine are illustrated in Scheme 1.4 [78].

Step 1:

0
~ '
HZN\H,N\)J\OH

N NH @ — 4/
4

HgC HZO

NH NH

Creatinine Creatine

Step 2:

v, B g .
HsN N N OH +
? ‘ﬂ’ \)LOH 1,0 HaC \)k/ HaN" NH,

NH

Creatine Sarcosine Urea

Step 3¢

Oxidase 0 H
I N+ L N
OH

+ —
Hsc’N\)J\/OH H H O O\H
Sarcosine Glycine Formaldehyde Hydrogen
Peroxide
Step 4:
H3C, NH
H al\?i
N HyC™ @]
0—0, + N
H OH 0

N

Hydrogen - \ N

Peroxide 4-aminoantipyrine @ N’
HsC A

+ —_— ¥ CHs
HO NP
H3C
HO OH
oH OH
N
HaC N~ W Quinoneimine
(0] Dye

N-ethyl-N-sulfopropyl-m-toluidine

Scheme 1.4: Enzymatic hydrolysis of creatinine by ‘creatininase’ and the subsequent steps used in clinical

practises for creatinine determination.

Many reports have asserted that the enzymatic method is interference-free and

must be preferred over the Jaffe method. However, some recent studies have revealed
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contradictions. Although to a lesser extent, as compared to Jaffe, it has been confirmed
that protein and glucose interfere with the results of the enzymatic method [100].
Interference by components like lithium heparin (a common additive in blood collection
tubes) was also reported [100]. Another general challenge associated with the enzymatic

processes is maintaining the stability and activity of the enzymes.
1.3.3 Jaffe v/s Enzymatic: A comparison of the methods

The choice between applying the Jaffe method or the Enzymatic method is at the
discretion of the particular laboratory. While some laboratories prefer the Enzymatic
method for its higher sensitivity and selectivity, some opt for the Jaffe method due to its
simplicity and cost-effectiveness, compared to the complicated and expensive enzymatic

method.

Kiime et al. [78] applied both clinically accepted methods, by using Architect
c16000 auto-mated analyzer (Abbott Diagnostics Inc, Park City, IL, USA), in a large
sample of urine and serum specimens. 0.6, 1.6 and 6.0 mg/dL for serum creatinine, and
30, 60 and 120 mg/dL for urinary creatinine were explored in the study [78]. The analytical
performances of the methods as determined by Kiime et al. [78] are tabulated in Table 1.1.
It can be known from the comparative analysis of the analytical performances that the limit
of detection (LOD) and limit of quantification (LOQ) obtained by the Jaffe and the
Enzymatic method were determined to be equal in serum. However, in urine, the LOD and
LOQ obtained by the Enzymatic method, were lower than the corresponding values
obtained by the Jaffe method, implying the Enzymatic method to be more sensitive at

lower concentrations.

Table 1.1: Comparison of the analytical performances of the Jaffe method and the Enzymatic method in

serum and urine.

Jaffe method Enzymatic method
o Multigent Creatinine
Creatinine (Jaffe), _
Kit used (Enzymatic), catalog no.
catalog no. 7D64- 20
8L24- 31
Real sample Urine Serum Urine Serum

LOD in mg/dL 0.25 0.01 0.07 0.01
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*LOQ in mg/dL 2 0.05 0.5 0.05
Detection Range
0.21-37.85  0.20-38.70  0.10-40 0.25-40
in mg/dL
* LOQ was calculated as the minimum concentration at which the coefficient of variations is lower

than 10 %

On comparing the samples having low creatinine concentrations, it was found that
the Jaffe method calculates 7 % higher values compared to the Enzymatic method [78].
However, in another comparative analysis of the methods applied to the serum samples of
529 patients, as presented by Schmidt et al. [101], it was found that the Jaffe method has
higher precision and lower coefficient of variations than the Enzymatic method. So, there
are statistical differences between both methods but there is no other gold standard to

compare and claim higher accuracy for one method over the other.

Thus, it can be stated that although the Jaffe method and the Enzymatic method
have found prevalence in clinical practices, the methods have limitations and inadequacies.
Hence, the route stays unlatched for researchers to explore newer ideas and approaches to
either alter the clinically practised methods for betterment or to develop alternative,

sensitive, selective and robust creatinine determination methods.

1.4 Coordination with transition metal ions: the intrinsic property of

creatinine

The compound, creatinine, can act as a ligand with multiple coordinating sites (the
oxygen atom of the carbonyl group, the endocyclic nitrogen atom at position 1 and the
exocyclic nitrogen bonded to the carbon atom at position 2) and form complexes with
transition metal ions. It was during the latter half of the 20" century when the complexation
of creatinine with transition metal ions was extensively explored [102-110]. Several
complexes of creatinine with copper [102, 103], cobalt [104], platinum [105, 106],
palladium [105, 106], nickel [107], zinc [108], cadmium [108], and mercury [108, 109]
were reported. The nature of these complexes was studied in different mediums such as
water, ethanol-water, methanol, methanol-water, alcohol-water-HCL, perchloric acid,
pyrrole (Py), DMSO, etc. Interestingly, it was established that the ratio of creatinine-metal

in the complexes, the presence of other ligands in the coordinating sphere, and the
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coordinating sites of creatinine depend largely on the solvent system, reflux time and
temperature (if required), and the pH [110]. As researchers continue to design new methods
to detect creatinine and determine its level in body fluids, it is noticed that this intrinsic
property of the compound has often been utilized to play the most significant role and lay
the foundation of the methods. Thus, due to the importance of creatinine-transition metal
complexes in creatinine sensor development, a keen interest among researchers is still

seen, to tune the conditions and synthesise new complexes [111-113].

In the complexes, while the coordination of creatinine via its endocyclic nitrogen
atom (ortho to the carbonyl group) is most commonly observed, there are some reported
complexes where along with the endocyclic nitrogen atom, the exocyclic nitrogen atom or
carbonyl group also participate in coordination. The coordinating sites of creatinine and
creatinine-metal ratio in some of the reported complexes of creatinine with different

transition metal ions, and the respective solvent system, are summarised in Table 1.2.

Table 1.2: Different coordinating sites and creatinine-metal ratios reported for creatinine-transition metal

complexes in various solvent systems.

Creatinine Creatinine-metal Coordinating
complex Solvent ratio in the sites of Reference
with- obtained complex  creatinine
Endocyclic
nitrogen and
Copper Water 2:1 [102]
carbonyl
group
Methanol 4:1

3:1 (Refluxed at Endocyclic
Copper [103]
50-60 °C under nitrogen
Acetonitrile
constant stirring

for 1 hour)
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2:1 (Refluxed at
50-60 °C under
constant stirring
for 6-7 hours)
Endocyclic
Cobalt Water-methanol 2:1 ‘ [104]
nitrogen
Wat 1:2
aet Endocyclic
Platinum  ywyter (in argon nitrogen and
. 3:1 [105]
environment) carbonyl
. group
Palladium  Water-NaOH 2:1
Zinc Water-methanol 2:1
2:1 (with chloride
and bromide salts
£ cadmi Endocyclic
Cadmium Water-methanol of cadmium) ‘ [108]
nitrogen
1:1 (with 10dide
salt of cadmium)
Mercury  Water-methanol 2:1
Endocyclic
Water-ethanol- nitrogen and
Mercury 1:2 . [109]
HNO;3 exocyclic
nitrogen

It is also important to note that there are several proposed tautomeric forms of
creatinine (I-IV), as shown in Figure 1.1. However, it has been observed that most of the
creatinine-transition metal ion complexes have been reported with the tautomeric forms, I

and III, of creatinine.
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Figure 1.1: Tautomeric forms of creatinine.

1.5 Development of new creatinine sensors

Several new creatine sensors have been reported, especially in the last couple of
decades, that have enriched the scientific community with exciting findings. Another
noteworthy aspect regarding the new creatinine sensors is the use of different analytical
methods as transduction systems. Earlier, only the colorimetric methods were
predominantly employed to design creatinine determination methods, as was the case of
the Jaffe method and the Enzymatic method used in the clinical practices too. Eventually,
other transduction systems, such as fluorescence [114-122], Raman spectroscopy [123-
126], electrophoresis [127-129], chromatography tandem-mass spectroscopy [130-133],
and electrochemistry [134-157], were also utilized, apart from some new colorimetric
methods [158-163] being proposed. Amongst these, electrochemical sensors are claimed
to have several advantages such as lower cost, higher sensitivity and selectivity, portability,
ease of operation, time-saving and robustness [164]. Although it can be argued that the
other transduction system might also have several benefits to offer, what gives an edge to
electrochemical sensors, as rightly pointed out by Baranwal et al. [165], is the variability
of the output signals in the form of voltage, current, electrochemical impedance, etc. and

its low theoretical detection limits.

In a broader sense, based on the mode of action, all creatinine determination
methods can be classified into two categories: a) Enzymatic process, and b) Non-
enzymatic process. These two terms are readily comprehensible. Although the enzymatic
processes accelerate the sensing reactions and are likely to offer higher selectivity,
enzymes are expensive and sensitive to varying physiological conditions (pH and

temperature) [166]. On the other hand, the non-enzymatic processes are comparatively
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more challenging to design for selective and precise sensing but usually offer long-term

stability and are mostly cheaper than enzymatic processes.

Creatinine-Metal
complex formed

in the sample
mixture Oxidizes/Reduces

Detection with bare electrode or electrode
Jabricated with conducting polymer(s) for
signal amplification.

0]
9] w =
S g =z 0 N, NH
0 0 8 3 = /
~ HE <
g [=ai3)
15 = (o} NH
N N N 2N £ % El =
4 7 (S I i Y= e i4
HC \l/ HyC Y 25 %= § Creatinine
NH, No sEZg| ¢
IR AN ro- s
Creatinine &eErE i Creatinine- !
53 8E3

|
.. - I Metal
Oxidation Electrodeposition Electrodeposition I .
complexation
and/or and/or I
drop-coating drop-coating
Process 3 Process 1

Electrode fabricated with the Bare electrode Electrode fabricated with
combination of metal ion, metal/metal ion
conducting polymer(s) and binder with/without
conducting polymer(s) and
Process 4 binder
. Creatinine fits in the
Electrodeposition

creatinine recognition
or centres.

drop-coating
Dipped in ‘

creatinine-
i — i —

Electrode with co-deposited Electrode fabricated with
polymer(s) and creatinine (template) an MIP having creatinine
molecule. recognition centres

Figure 1.2: Illustration of the detection principles of different methods for non-enzymatic electrochemical

determination of creatinine.

As this thesis focuses on developing novel non-enzymatic electrochemical
creatinine determination methods, understanding the working principles and detection
techniques of some of the recently reported non-enzymatic electrochemical creatinine
sensors is required. Prior to that, it is important to note a property of creatinine from the

electrochemical point of view. It has been widely reported that creatinine is an
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electrochemically inactive molecule [155, 156], that is, it doesn’t exhibit any peak at any
potential on the bare electrode surface. Hence, most electrochemical creatinine detection
methods are based on transforming creatinine into electroactive components by
coordination with transition metal ions. When the electrode surfaces are deposited with
metal ions or metal, it offers a platform for the creatinine-transition metal ion
complexation. Due to this complexation, a shift in the potential and (or) change in the
amplitude of the native redox peaks of the metal ions are (is) usually observed, as has been
determined by Raveendran et al. [143] who analyzed the change in voltammogram
responses of creatinine solution with a copper electrodeposited screen-printed electrode.
It is found that such differences in the electrochemical response vary quantitatively with
creatinine concentration and form the base for determining creatine levels in body fluids.

The detection principle of such methods is illustrated in ‘Process 1° of Figure 1.2.

Copper is the most common transition metal with which, the complexation of
creatinine has been explored for sensor development by several researchers [136-143].
Jankhunthod et al. reported a creatinine determination method, validated in synthetic
urine, by carrying out electrodeposition of copper on the surface of graphite screen-printed
electrode and establishing the difference between the cyclic voltammogram responses of
buffer solutions in the absence and presence of creatinine respectively [136]. The physical
stability of the deposited materials is often enhanced with binders like gelatin, Nafion, etc.
Sato et al. reported a copper electrodeposited gold electrode, drop-coated with Nafion
solution as the binder, for the electrochemical determination of creatinine [140].
Meanwhile, it has also been established that electrode materials in nano-dimensions
improve the performance of the creatinine sensors [157]. Based on the same creatinine-
transition metal ion principle, Kumar et al. [138] demonstrated a highly sensitive and
selective creatinine determination method in human serum, using a screen-printed carbon
electrode, modified with cuprous oxide nanoparticles functionalized to a zwitterion.
Furthermore, polymers are often introduced as supporting matrices for the metal ions on
the sensing platform. Conductive and electroactive carbon-based materials like reduced
graphene oxide (rGO), polypyrrole (PPy), polyaniline (PAN1), carbon black (CB), carbon
nanotubes (CNTs) etc. or their combinations are also used for amplification of the redox
peaks, besides being used as support. For example, Gao et al. [142] used the combination

of copper nanoparticles with rGO and polydopamine for electrode modification to design

1.20



A general introduction to creatinine, its importance and its detection techniques Chapter-1

a creatinine sensor. Apart from copper, iron ions in combination with different materials,
such as Fe**/CB [144] and Fe**/cotton fibre membrane [145] have been another choice as
electrode materials for the researchers to design creatinine sensors. Researchers also
suggested a modification in this technique by utilizing the synergistic effect of combining
two metals (metal ions), such as Ag/Fe [146], Au/Ag [147], and CuO/Au [148]. The
synergistic effect of using two metals is produced in different ways. Mahmoud et al.
observed two distinct anodic peaks for Ag*/Ag and Fe**/Fe?* redox processes respectively
[146]. With the increase in creatinine concentration, while the intensity of the anodic peak
for Ag'/Ag (Iag) decreased, the intensity of the anodic peak for Fe**/Fe?" (Ir) remains
almost same, thus, indicating a stronger coordination between creatinine and Ag’.
Mahmoud et al. reported better performance of the designed sensor, by enabling a
ratiometric detection (Iag/Ire) of creatinine [146]. Nene et al. [147] reported a creatinine
sensor, based on the chemisorption of creatinine via its N groups to Au(0) and Ag(0) which
decreases the intensity of a conditionally produced single oxidation peak observed for both

metals.

Notably, electrode modification with metal ions is not necessary to design a
creatinine sensor based on creatinine-transition metal ion complexation. Kaewket and
Ngamchuea [137] reported an interesting process to determine creatinine level in synthetic
urine by adding CuSOyq solution to the sample directly, thus, allowing the creatinine-copper
complex in the sample itself, and recording the change in the voltammogram responses.
Measures for prior removal of anions from the synthetic urine sample have to be taken in
this process, as the metal cation could also form precipitates with phosphate and carbonate
anions present in the sample [137]. The detection principle of such methods is illustrated

in ‘Process 2’ of Figure 1.2.

However, although very rare, the direct oxidation of creatinine on modified
electrode surfaces has been reported in the literature, which somewhat contradicts the
popularly accepted electrochemical inactivity of the molecule [134, 135]. While Fekry et
al. [135] reported the combination of CNT, folic acid and Ag-nanoparticles, Singh et al.
[135] reported the combination of Fe, Cu and rGO to modify the surface of the respective
electrodes. The mechanism of direct electrochemical oxidation suggests the oxidation of
the exocyclic amino group of creatinine to hydroxylamine, as the tautomeric form III of

creatinine (shown in Figure 1.1) was considered to explain the mechanism. A certain
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ambiguity does arise, whether the change in the voltammogram responses is truly due to
the electrochemical oxidation of the molecule or if the metal ions on the electrode surface
have any role to play. The detection principle of such methods is illustrated in ‘Process 3’

of Figure 1.2.

While the methods based on the creatinine-transition metal ion complexation have
been leading in the non-enzymatic electrochemical creatinine determination process,
another method opted by some researchers which has gained popularity too, is molecular
imprinted polymer (MIP) based. The steps involved in the MIP-based creatinine
determination processes can be divided into 3 general steps: a) co-deposition of a polymer
and the template molecule (creatinine) on the electrode surface, b) fabricating the MIP by
removing the template molecule from the electrode surface which creates creatinine-
shaped holes on the polymer, and c) recording the voltammogram or impedance of
creatinine containing samples with the MIP-fabricated working electrode. The detection
principle is based on the ability of the creatinine-shaped cavities on the polymer matrix to
act as creatinine recognition centres. So, when the MIP-fabricated working electrode is
dipped into samples containing creatinine, the molecule fits in the recognition centres, like
the ‘lock and key’ model of enzyme action. This causes a change in the voltammogram or
impedimetric response, which is proportional to the creatinine concentration. The

detection principle of such methods is illustrated in ‘Process 4’ of Figure 1.2.

The co-deposition of the polymer and the template molecule on the electrode
surface can be accomplished in two ways: 1) direct electro-polymerization of the monomer
by taking a solution of the monomer mixed with the template molecule, and ii) drop-
coating a polymeric solution on the electrode surface, after preparing the polymer in an
ex-situ process in the presence of the template molecule. Both ways can lead to the
fabrication of the electrode surface with the template-trapped polymer layer. The bonding
between the monomeric group and the template molecule in the co-deposited polymer-
template layer can be either covalent or non-covalent (via hydrogen bonding, dipole-dipole
interaction, van der Waals force, etc.) [167]. Sajini and Mathew [167] pointed out that
while covalent bonding can result in more specific and well-defined recognition centres
after template removal, non-covalent bonding requires simpler synthetic procedures and
the template molecule can be extracted easily. Li et al. [149] reported electrode fabrication

with a creatinine-imprinted polydopamine layer, in combination with graphene

1.22




A general introduction to creatinine, its importance and its detection techniques Chapter-1

nanoplatelets, for the electrochemical determination of creatinine. Stirring in water and
HCI was enough to overcome weak intermolecular interactions between creatinine and the
monomeric groups and remove creatinine to form the MIP in the reported work [149]. On
the other hand, Prabhu et al. [150] reported a reflux treatment in acetic acid to break the
comparatively stronger H-bonding between creatinine and the monomeric unit of

methacrylic acid in their reported MIP-based creatinine determination method.

Although the discussion above primarily focussed on non-enzymatic
electrochemical creatinine sensors, It can be understood that designing new creatinine
determination methods which can overcome the limitations of the clinically practised
methods is a prime requisite and indeed a field of great interest for researchers in different
corners of the world. In fact, creatinine is the most explored biological component after
glucose in the sensor development area. The underlying mammoth challenge, however,
can easily be sensed as both Jaffe and Enzymatic methods were developed into practical
use many decades ago in the 20™ century and, despite their limitations, no other proposed
method could find prominence and wide acceptance yet. For a method to topple the long-
accepted clinically practised methods, it must be of superior quality on all fronts-
precision, selectivity, LOD, cost, time, etc. Nevertheless, the endeavour continues with a
grander perspective now. Today, the task for the researchers is not merely to overcome the
previous limitations but to develop their creatine sensor into a point-of-care-testing
(POCT) device. A POCT device for determining creatinine level can help patients needing
frequent monitoring of their creatinine level to accurately access their renal function

without visiting clinics every time.
1.6 Importance of creatinine sensors in the future: a forecast

Some recent studies reported that 700 million people in the world suffer from CKD
and with the inclusion of acute kidney injury (AKI) and renal failure cases, the number
stands at a staggering 850 million which is more than 10% of the world population [168,
169]. While, the most common causes of CKD include hypertension, diabetes, genetics,
obesity, malnutrition, use of tobacco products, exposure to drastic environmental changes,
etc., a study on the role of lifestyle and economic perspective revealed that CKD has a
much larger prevalence in low-income countries (LICs) and lower-middle-income

countries (LMICs) [169]. Globally, there has been a 33% increase in CKD cases between
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1990-2017, with almost one-third of the patients from India and China alone [169]. It has
also been projected that by 2040, CKD will globally be the 5" leading cause of years of
life lost (YLLs) after ischaemic heart diseases (IHD), stroke, lower respiratory infections

(LRIs) and chronic obstructive pulmonary disease (COPD) [170].

If the importance of accurate creatinine sensors in the future has to be forecasted,
the numbers on which the prediction can be based would be the rising cases of kidney
diseases. With creatinine promising to stay the most reliable renal function marker, the

dependence on creatinine sensors is only likely to increase in the time ahead.
1.7 Aim and objectives of the work

Aim: To explore new approaches and develop novel non-enzymatic
electrochemical methods for accurately determining creatinine levels in human serum and

urine.
To meet the aim of this work, the following objectives are fulfilled:

v A urinary creatinine determination protocol is developed by chemical transformation
of creatinine to an electro-active species in a metal-free condition.

v Coordination of cobalt ion with creatinine and 2-nitrobenzadehyde (2-NBA) is
established.

v' A serum creatinine determination method is developed based on the complexation
property of creatinine with 2-NBA coordinated cobalt ion.

v' A new MIP platform is fabricated for creatinine determination, verified by the
creatinine-copper interaction.

v" Interference studies are carried out for the new creatinine determination methods.

v" The methods are validated in real media.
1.8 Plan of work

% To study the electrochemical response of creatinine and 2-NBA mixture in buffer, in
the presence of an alkali (NaOH), with bare glassy carbon electrode (GCE).

¢ To establish the formation of electroactive species in the creatinine-2-NBA-NaOH
system.

% To identify the creatinine concentration-dependent redox peak in the creatinine-2-

NBA-NaOH system.
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X/
°e

To optimize the conditions (pH, reaction time and concentration) of the creatinine-2-
NBA-NaOH system for efficiently determining creatinine levels.

To study the creatinine-2-NBA-NaOH system in the presence of other urinary
components (glucose, uric acid, ascorbic acid, dopamine and urea).

To demonstrate the creatinine-2-NBA-NaOH system for accurate electrochemical
determination of urinary creatinine.

To propose a plausible mechanistic pathway of the reaction between creatinine and 2-
NBA in the alkaline medium and designate all the redox peaks, supported by
electrochemical and spectroscopic findings.

To analyse the alteration in the creatinine-2-NBA reaction by adding cobalt ions to the
system.

To optimize the conditions to yield creatinine-cobalt and creatinine-cobalt-2-NBA
coordination complexes

To characterize the coordination complexes with microscopic, spectroscopic and
electrochemical techniques.

To distinguish the physiochemical differences in the coordination complexes.

To study the electrochemical response of creatinine, cobalt ion and 2-NBA mixture in
buffer with bare GCE.

To identify the change in voltammogram responses, proportional to the creatinine
concentration, due to coordination in the creatinine-cobalt-2-NBA system.

To optimize the conditions (pH, reaction time and concentration) of the creatinine-
cobalt-2-NBA system for efficiently determining creatinine levels.

To study the creatinine-cobalt-2-NBA system in the presence of other serum
components (uric acid, ascorbic acid, glucose, urea and albumin).

To carry out deproteinization of serum.

To demonstrate the creatinine-cobalt-2-NBA system for accurate electrochemical
determination of serum creatinine.

To designate all the redox peaks in the creatinine-cobalt-2-NBA system, supported by
electrochemical and spectroscopic findings.

To establish the dependence of the voltammogram response of aqueous copper
sulphate solution on the direction of the potential sweep with bare platinum (Pt)

electrode.
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X/
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To establish the impedimetric response of copper sulphate solution at different
potentials.

To study the creatinine-copper interaction in aqueous medium, from an
electrochemical and spectroscopic perspective.

To study the electrochemical response of creatinine with copper-deposited Pt
electrodes.

To fabricate a creatinine-imprinted-PPy-deposited Pt electrode and electrochemically
corroborate the fabrication by recording voltammograms of copper sulphate solution
and impedimetric responses of different concentrations of creatinine solution with the

modified electrode.

References

[1]

[2]

[3]

[4]

[3]

[6]

Allen, P. J. Creatine metabolism and psychiatric disorders: Does creatine
supplementation have therapeutic value? Neuroscience & Biobehavioral

Reviews, 36(5):1442-1462, 2012.

Clark, R. V., Walker, A. C., O'Connor-Semmes, R. L., Leonard, M. S., Miller, R.
R., Stimpson, S. A., Turner, S. M., Ravussin, E., Cefalu, W. T., Hellerstein, M. K.
and Evans, W. J. Total body skeletal muscle mass: estimation by creatine (methyl-

d3) dilution in humans. Journal of Applied Physiology, 116(12):1605—-1613, 2014.

Balsom, P. D., Soderlund, K. and Ekblom, B. Creatine in humans with special

reference to creatine supplementation. Sports Medicine, 18:268-280, 1994.

Brosnan, J. T. and Brosnan, M. E. Creatine: endogenous metabolite, dietary, and

therapeutic supplement. Annual Review of Nutrition, 27:241-261, 2007.

Brosnan, J. T. and Brosnan, M. E. Creatine metabolism and the urea

cycle. Molecular Genetics and Metabolism, 100:S49—S52, 2010.

Diago, C. A. A. and Seiiaris, J. A. A. Should we pay more attention to low
creatinine levels? Endocrinologia, Diabetes y Nutricion (English ed.), 67(7):486—
492, 2020.

1.26



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Metzger, M., Abdel-Rahman, E. M., Boykin, H. and Song, M. K. A narrative
review of management strategies for common symptoms in advanced

CKD. Kidney International Reports, 6(4):894-904, 2021.

Rao, H., Lu, Z., Ge, H., Liu, X., Chen, B., Zou, P., Wang, X., He, H., Zeng, X. and
Wang, Y. Electrochemical creatinine sensor based on a glassy carbon electrode
modified with a molecularly imprinted polymer and a Ni@ polyaniline

nanocomposite. Microchimica Acta, 184:261-269, 2017.

Sittiwong, J. and Unob, F. based platform for urinary creatinine

detection. Analytical Sciences, 32(6):639—643, 2016.

Income, K., Ratnarathorn, N., Khamchaiyo, N., Srisuvo, C., Ruckthong, L. and
Dungchai, W. Disposable Nonenzymatic Uric Acid and Creatinine Sensors Using
PPAD  Coupled with Screen-Printed Reduced Graphene Oxide-Gold
Nanocomposites. International Journal of Analytical

Chemistry, 2019(1):3457247, 2019.

Wyss, M. and Kaddurah-Daouk, R. Creatine and creatinine
metabolism. Physiological Reviews, 80(3):1107-1213, 2020.

Meeusen, J. W. and Lieske, J. C. Looking for a better creatinine. Clinical

Chemistry, 60(8):1036-1039, 2014.

Ferguson, M. A. and Waikar, S. S. Established and emerging markers of kidney
function. Clinical Chemistry, 58(4):680—689, 2012.

Gowda, S., Desai, P. B., Kulkarni, S. S., Hull, V. V., Math, A. A. and Vernekar, S.
N. Markers of renal function tests. North American Journal of Medical

Sciences, 2(4):170-173, 2010.

Miyata, T., Jadoul, M., Kurokawa, K. and De Strihou, C. V. Y. £-2 microglobulin
in renal disease. Journal of the American Society of Nephrology, 9(9):1723-1735,
1998.

Bernier, G. M. and Conrad, M. E. Catabolism of human f>-microglobulin by the
rat kidney. American Journal of Physiology-Legacy Content,217(5):1359—-1362,
19609.

1.27



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Shea, P. H., Maher, J. F. and Horak, E. Prediction of glomerular filtration rate by
serum creatinine and B2-microglobulin. Nephron, 29(1-2):30-35, 1981.

Filler, G., Priem, F., Lepage, N., Sinha, P., Vollmer, I., Clark, H., Keely, E.,
Matzinger, M., Akbari, A., Althaus, H. and Jung, K. B-Trace protein, cystatin C, B2-

microglobulin, and creatinine compared for detecting impaired glomerular

filtration rates in children. Clinical Chemistry, 48(5):729—-736, 2002.

Behairy, O. G., Abd Almonaem, E. R., Abed, N. T., Abdel Haiea, O. M., Zakaria,
R. M., AbdEllaty, R. L., Asr, E. H., Mansour, A. 1., Abdelrahman, A. M. and Elhady,
H. A. Role of serum cystatin-C and beta-2 microglobulin as early markers of renal

dysfunction in children with beta thalassemia major. International journal of

Nephrology and Renovascular Disease, 2017(10):261-268, 2017.

Eguvbe, A. O., Nwagu, M. U., Idogun, E. S. and Akande, A. A. The role of urine
albumin creatinine ratio and serum B2 microglobulin as biomarkers of chronic

kidney disease. Universa Medicina, 38(3):172—-178, 2019.

Puthiyottil, D., Priyamvada, P. S., Kumar, M. N., Chellappan, A., Zachariah, B. and
Parameswaran, S. Role of urinary beta 2 microglobulin and kidney injury
molecule-1 in predicting kidney function at one year following acute kidney

injury. International Journal of Nephrology and Renovascular Disease,

2021(14):225-234, 2021.

Atef, M., Zayed, N., Salama, R., Alem, S. A., Yousof, H., Saber, M., Hamed, M.
and Yosry, A. Is urinary B2-microglobulin a reliable marker for assessment of renal
tubular dysfunction in chronic hepatitis B patients receiving tenofovir
therapy? European Journal of Gastroenterology & Hepatology, 33(1S):€992-
€998, 2021.

Abdullah, Kadam, P., Yachha, M., Srivastava, G., Pillai, A. and Pandita, A. Urinary
beta-2 microglobulin as an early predictive biomarker of acute kidney injury in
neonates with perinatal asphyxia. European Journal of Pediatrics, 181(1):281—
286, 2022.

Inker, L. A., Couture, S. J., Tighiouart, H., Abraham, A. G., Beck, G. J., Feldman,
H. I., Greene, T., Gudnason, V., Karger, A. B., Eckfeldt, J. H. and Kasiske, B. L. A

1.28



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

new panel-estimated GFR, including B2-microglobulin and B-trace protein and not
including race, developed in a diverse population. American Journal of Kidney

Diseases, 77(5):673—683, 2021.

Inker, L. A., Tighiouart, H., Coresh, J., Foster, M. C., Anderson, A. H., Beck, G. J.,
Contreras, G., Greene, T., Karger, A. B., Kusek, J. W. and Lash, J. GFR estimation

using PB-trace protein and Pr-microglobulin in CKD. American journal of kidney

diseases, 67(1):40-48, 2016.

Liu, X., Foster, M. C., Tighiouart, H., Anderson, A. H., Beck, G. J., Contreras, G.,
Coresh, J., Eckfeldt, J. H., Feldman, H. 1., Greene, T. and Hamm, L. L. Non-GFR

determinants of low-molecular-weight serum protein filtration markers in

CKD. American Journal of Kidney Diseases, 68(6):892-900, 2016.

Delanghe, J. R. How to estimate GFR in children. Nephrology Dialysis
Transplantation, 24(3):714-716, 2009.

Vynckier, L. L., Floré, K. M., Delanghe, S. E. and Delanghe, J. R. Urinary -trace
protein as a new renal tubular marker. Clinical Chemistry, 55(6):1241-1243, 2009.

Barutta, F., Bellini, S., Canepa, S., Durazzo, M. and Gruden, G. Novel biomarkers
of diabetic kidney disease: current status and potential clinical application. Acta

Diabetologica, 58:819-830, 2021.

Hidayati, E. L., Utami, M. D., Rohsiswatmo, R. and Tridjaja, B. Cystatin C
compared to serum creatinine as a marker of acute kidney injury in critically ill

neonates. Pediatric Nephrology, 36:181-186, 2021.

Sapkota, S., Khatiwada, S., Shrestha, S., Baral, N., Maskey, R., Majhi, S., Chandra,
L. and Lamsal, M. Diagnostic accuracy of serum cystatin C for early recognition

of nephropathy in type 2 diabetes mellitus. International Journal of
Nephrology, 2021(1):8884126, 2021.

Lambert, M., White-Koning, M., Alonso, M., Garnier, A., Alphonsa, G., Puiseux,
C., Munzer, C., Berthier, J., Malard, L., Pasquet, M. and Chatelut, E. Plasma
cystatin C is a marker of renal glomerular injury in children treated with cisplatin

or ifosfamide. Pediatric Blood & Cancer, 68(1):€28747, 2021.

1.29



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Gomes, H. C. D. S., Cabral, A. C. V., Andrade, S. P., Leite, H. V., Teixeira, P. G.,
Campos, P. P. and Gomes, J. A. A. Cystatin C as an indicator of renal damage in

pre-eclampsia. Hypertension in Pregnancy, 39(3):308-313, 2020.

Taskomiir, A. T. and Erten, O. The role of cystatin C, neutrophil-lymphocyte ratio
and platelet-lymphocyte ratio in the evaluation of kidney function in women with
preeclampsia. Taiwanese Journal of Obstetrics and Gynecology, 60(4):615-620,
2021.

Hassan, M., Aboelnaga, M. M., Al-Arman, M. and Hatata, E. Z. Urinary cystatin
C as a biomarker of early renal dysfunction in type 2 diabetic patients. Diabetes &

Metabolic Syndrome: Clinical Research & Reviews, 15(4):102152, 2021.

Mohammed, I. Y., Mshelia, A. S., Ahmad, M. B. and Busari, A. O. Evaluation of
serum cystatin C as an early marker of renal disease in Chronic Kidney Disease

patients in Kano. Annals of African Medical Research, 6:175, 2023.

Vijay, P., Lal, B. B., Sood, V., Khanna, R. and Alam, S. Cystatin C: best biomarker
for acute kidney injury and estimation of glomerular filtration rate in childhood

cirrhosis. European Journal of Pediatrics, 180(11):3287-3295, 2021.

Barbati, A., Aisa, M. C., Cappuccini, B., Zamarra, M., Gerli, S. and Di Renzo, G.
C. Urinary Cystatin-C, a marker to assess and monitor neonatal kidney maturation

and function: validation in twins. Pediatric Research, 89(4):932-939, 2021.

Werneburg, G. T., Hettel, D., Jeong, S., Nemunaitis, G., Taliercio, J. J. and Wood,
H. M. Estimated glomerular filtration rate using cystatin C is a more sensitive

marker for kidney dysfunction in nonweight-bearing individuals. The Journal of

Urology, 209(2):391-398, 2023.

Dharnidharka, V. R., Kwon, C. and Stevens, G. Serum cystatin C is superior to
serum creatinine as a marker of kidney function: a meta-analysis. American journal

of Kidney Diseases, 40(2):221-226, 2002.

Filler, G., Bokenkamp, A., Hofmann, W., Le Bricon, T., Martinez-Brt, C. and
Grubb, A. Cystatin C as a marker of GFR—history, indications, and future
research. Clinical Biochemistry, 38(1):1-8, 2005.

1.30



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Gerbes, A. L., Giilberg, V., Bilzer, M. and Vogeser, M. Evaluation of serum cystatin
C concentration as a marker of renal function in patients with cirrhosis of the

liver. Gut, 50(1):106—-110, 2002.

Cholongitas, E., Shusang, V., Marelli, L., Nair, D., Thomas, M., Patch, D., Burns,
A., Sweny, P. and Burroughs, A. K. Review article: renal function assessment in

cirrhosis—difficulties and alternative measurements. Alimentary Pharmacology &

Therapeutics, 26(7):969-978, 2007.

Pucci, L., Triscornia, S., Lucchesi, D., Fotino, C., Pellegrini, G., Pardini, E.,
Miccoli, R., Del Prato, S. and Penno, G. Cystatin C and estimates of renal function:
searching for a better measure of kidney function in diabetic patients. Clinical

chemistry, 53(3):480—488, 2007.

Chen, D. C., Potok, O. A., Rifkin, D. and Estrella, M. M. Advantages, limitations,
and clinical considerations in using cystatin C to  estimate

GFR. Kidney360, 3(10):1807—1814, 2022.

Turk, A. C., Fidan, N., Ozcan, O., Ozkurt, S., Musmul, A. and Sahin, F.
Comparison of shoulder Magnetic Resonance Imaging findings between patients
with stage 4 chronic kidney disease and hemodialysis patients with healthy
controls. Journal of Back and Musculoskeletal Rehabilitation, 33(2):179-184,
2020.

Wajda, J., Dumnicka, P., Sporek, M., Maziarz, B., Kolber, W., Zabek-Adamska, A.,
Ceranowicz, P., Kuzniewski, M. and Kus$nierz-Cabala, B. Does Beta-Trace Protein
(BTP) outperform cystatin C as a diagnostic marker of acute kidney injury
complicating the early phase of acute pancreatitis? Journal of Clinical

Medicine, 9(1):205, 2020.

Jelliffe, R. Estimation of creatinine clearance in patients with unstable renal
function, without a urine specimen. American Journal of Nephrology, 22(4):320—

324, 2002.

Edwards, K. D. G. and Whyte, H. M. Plasma creatinine level and creatinine
clearance as tests of renal function. Australasian Annals of Medicine, 8(3):218—

224, 1959.

1.31



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Orimadegun, A. E. and Omisanjo, A. O. Evaluation of five formulae for estimating
body surface area of Nigerian children. Annals of Medical and Health Sciences

Research, 4(6):889-898, 2014.

Jelliffe, R. W. Creatinine clearance: bedside estimate. Annals of Internal

Medicine, 79(4):604—605, 1973.

Cockcroft, D. W. and Gault, H. Prediction of creatinine clearance from serum

creatinine. Nephron, 16(1):31-41, 1976.

Cucci, M. D., Gerlach, A. T., Mangira, C., Murphy, C. V., Roberts, J. A., Udy, A.
A., Dowling, T. C. and Mullen, C. L. Performance of different body weights in the
Cockcroft-Gault equation in critically ill patients with and without augmented renal
clearance: A multicenter cohort. Pharmacotherapy: The Journal of Human

Pharmacology and Drug Therapy, 43(11):1131-1138, 2023.

Iversen, E., Bengaard, A. K., Andersen, A., Kallemose, T., Damgaard, M., Hornum,
M., Feldt-Rasmussen, B., Andersen, O. and Houlind, M.B. Performance of the
Cockcroft-Gault, Modification of Diet in Renal Disease, and new Chronic Kidney
Disease Epidemiology Collaboration equations without race in older acute medical

patients. Kidney International, 101(5):1087-1088, 2022.

Ndrepepa, G., Holdenrieder, S., Neumann, F. J., Lahu, S., Cassese, S., Joner, M.,
Xhepa, E., Kufner, S., Wiebe, J., Laugwitz, K. L. and Gewalt, S. Prognostic value
of glomerular function estimated by Cockcroft-Gault creatinine clearance, MDRD-
4, CKD-EPI and European Kidney Function Consortium equations in patients with

acute coronary syndromes. Clinica Chimica Acta, 523:106—-113, 2021.

Seti¢, D., Turohan, A., Begi¢, E., Sokolovi¢, S., Rebi¢, D., Musija, E., Kusturica,
J., Cesi¢, A K., Pepi¢, E., MuSanovi¢, J. and Metovié, A. Performance of Serum
Creatinine, Cockcroft-Gault and Modification of Diet in Renal Disease Study
Equations in Assessment of Kidney Function in Patients with Arterial

Hypertension. Cardiologia Croatica, 16(7-8):257-263, 2021.

Rodrigues, V., Rodrigues, T., Martins, A., Dias, 1., Coutinho, A. C. and Palma, D.

4CPS-159 Estimating renal function for drug dosing: correlation between ckd-epi

1.32



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

and cockcroft-gault in an elderly population. European Journal of Hospital

Pharmacy, 30:A197-A198, 2023.

Salazar, D. E. and Corcoran, G. B. Predicting creatinine clearance and renal drug
clearance in obese patients from estimated fat-free body mass. The American

Journal of Medicine, 84(6):1053—-1060, 1988.

Bjornstad, P., Karger, A. B. and Maahs, D. M. Measured GFR in routine clinical
practice—the promise of dried blood spots. Advances in Chronic Kidney

Disease, 25(1):76-83, 2018.

Delanaye, P., Cavalier, E., Pottel, H. and Stehlé, T. New and old GFR equations: a
European perspective. Clinical Kidney Journal, 16(9):1375-1383, 2023.

Poggio, E. D., Wang, X., Greene, T., Van Lente, F. and Hall, P. M. Performance of
the modification of diet in renal disease and Cockcroft-Gault equations in the
estimation of GFR in health and in chronic kidney disease. Journal of the American

Society of Nephrology, 16(2):459-466, 2005.

Ainsworth, N. L., Marshall, A., Hatcher, H., Whitehead, L., Whitfield, G. A. and
Earl, H. M. Evaluation of glomerular filtration rate estimation by Cockcroft—Gault,
Jelliffe, Wright and Modification of Diet in Renal Disease (MDRD) formulae in
oncology patients. Annals of Oncology, 23(7):1845-1853, 2012.

Rigalleau, V., Lasseur, C., Perlemoine, C., Barthe, N., Raffaitin, C., Chauveau, P.,
Combe, C. and Gin, H. Cockcroft-Gault formula is biased by body weight in
diabetic patients with renal impairment. Metabolism, 55(1):108-112, 2006.

Fernandez-Prado, R., Castillo-Rodriguez, E., Velez-Arribas, F. J., Gracia-Iguacel,
C. and Ortiz, A. Creatinine clearance is not equal to glomerular filtration rate and
Cockcroft-Gault equation is not equal to CKD-EPI collaboration equation. The
American Journal of Medicine, 129(12):1259-1263, 2016.

Inker, L. A., Eneanya, N. D., Coresh, J., Tighiouart, H., Wang, D., Sang, Y., Crews,
D. C., Doria, A., Estrella, M. M., Froissart, M. and Grams, M. E. New creatinine-
and cystatin C—based equations to estimate GFR without race. New England

Journal of Medicine, 385(19):1737-1749, 2021.

1.33



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Gregg, L. P, Richardson, P. A., Akeroyd, J., Matheny, M. E., Virani, S. S. and
Navaneethan, S. D. Effects of the 2021 CKD-EPI creatinine eGFR equation among

a national US veteran cohort. Clinical Journal of the American Society of

Nephrology, 17(2):283-285, 2022.

Poge, U., Gerhardta, T., Palmedo, H., Klehr, H. U., Sauerbruch, T. and Woitas, R.
P. MDRD equations for estimation of GFR in renal transplant recipients. American

Journal of Transplantation, 5(6):1306—1311, 2005.

Levey, A. S., Bosch, J. P, Lewis, J. B., Greene, T., Rogers, N., Roth, D. and
Modification of Diet in Renal Disease Study Group*. A more accurate method to

estimate glomerular filtration rate from serum creatinine: a new prediction

equation. Annals of Internal Medicine, 130(6):461-470, 1999.

Levey, A. S., Greene, T., Kusek, J. W., Beck, G. J. and MDRD Study Group. A
simplified equation to predict glomerular filtration rate from serum

creatinine. Journal of the American Society of Nephrology, 11(Suppl 2):155, 2000.

Merchant, P., Gadegbeku, C., Mehdi, A., Thomas, G., Nakhoul, G. and Taliercio,
J. The new GFR equations: How will eliminating the race coefficient affect Black

patients? Cleveland Clinic Journal of Medicine, 90(11):685-691, 2023.

Campillo, C. R., Sanz de Pedro, M. P., Barcelo, S. A., Bajo Rubio, M. A., Soto, A.
B. and Rioja, R. G. Differences in glomerular filtration rate estimated with the new
eGFRcr CKD EPI age and sex 2021 vs. the eGFRer CKD EPI 2009 formula.
Advances in Laboratory Medicine/Avances en Medicina de Laboratorio, 3(3):313—

314, 2022.

Malavasi, V. L., Valenti, A. C., Ruggerini, S., Manicardi, M., Orlandi, C., Sgreccia,
D., Vitolo, M., Proietti, M., Lip, G. Y. and Boriani, G. Kidney function according
to different equations in patients admitted to a cardiology unit and impact on

outcome. Journal of Clinical Medicine, 11(3):891, 2022.

Metzger, M., Abdel-Rahman, E. M., Boykin, H. and Song, M. K. A narrative
review of management strategies for common symptoms in advanced

CKD. Kidney International Reports, 6(4):894-904, 2021.

1.34



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Jaffe, M. Ueber den Niederschlag, welchen Pikrinsdure in normalem Harn erzeugt
und iiber eine neue Reaction des Kreatinins. Biological Chemistry, 10(5):391-400,
1896.

Folin, O. and Morris, J. L. On the determination of creatinine and creatine in

urine. Journal of Biological Chemistry, 17(4):469-473, 1914.

Randviir, E. P. and Banks, C. E. Analytical methods for quantifying creatinine
within biological media. Sensors and Actuators B: Chemical, 183:239-252, 2013.

Quon, H., Grossman, C. E., King, R. L., Putt, M., Donaldson, K., Kricka, L., Finlay,
J., Zhu, T., Dimofte, A., Malloy, K. and Cengel, K. A. Interference with the Jaffe
method for creatinine following 5-aminolevulinic acid

administration. Photodiagnosis and Photodynamic Therapy, 7(4):268-274, 2010.

Kiime, T., Saglam, B., Ergon, C. and Sisman, A. R. Evaluation and comparison of
Abbott Jaffe and enzymatic creatinine methods: Could the old method meet the
new requirements? Journal of Clinical Laboratory Analysis, 32(1):22168, 2018.

Randpviir, E. P., Kampouris, D. K. and Banks, C. E. An improved electrochemical
creatinine detection method via a Jaffe-based procedure. Analyst, 138(21):6565—
6572, 2013.

Fu, L. M., Tseng, C. C., Ju, W. J. and Yang, R. J. Rapid paper-based system for

human serum creatinine detection. /nventions, 3(2):34, 2018.

Delanghe, J. R. and Speeckaert, M. M. Creatinine determination according to
Jaffe—what does it stand for? Nephrology Dialysis Transplantation Plus, 4(2):83—
86, 2011.

den Elzen, W. P., Cobbaert, C. M., Klein Gunnewiek, J. M., Bakkeren, D. L., Van
Berkel, M., Frasa, M. A., Herpers, R. L., Kuypers, A. W., Ramakers, C., Roelofsen-
de Beer, R. J. and Van Der Vuurst, H. Glucose and total protein: unacceptable

interference on Jaffe creatinine assays in patients. Clinical Chemistry and

Laboratory Medicine, 56(8):e185—e187, 2018.

Rajs, G. and Mayer, M. Oxidation markedly reduces bilirubin interference in the

Jaffe creatinine assay. Clinical Chemistry, 38(12):2411-2413, 1992.

1.35



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Soleimani, N., Dehghani, S., Anbardar, M. H., Mohammadzadeh, S., Amirinezhad
Fard, E., Zare Sheibani, A., Esmaeili, M. J. and Ebrahimi, M. Comparing Jaffe and
Enzymatic Methods for Creatinine Measurement at Various Icterus Levels and

Their Impacts on Liver Transplant Allocation. International Journal of Analytical

Chemistry, 2023:9804533, 2023.

Syal, K., Srinivasan, A. and Banerjee, D. Streptomycin interference in Jaffe
reaction—possible false positive creatinine estimation in excessive dose

exposure. Clinical Biochemistry, 46(1-2):177-179, 2013.

Cook, J. G. Creatinine assay in the presence of protein. Clinica Chimica Acta;

International Journal of Clinical Chemistry, 32(3):485-486, 1971.

Lolekha, P. H., Jaruthunyaluck, S. and Srisawasdi, P. Deproteinization of serum:
another best approach to eliminate all forms of bilirubin interference on serum
creatinine by the kinetic Jaffe reaction. Journal of Clinical Laboratory

Analysis, 15(3):116—-121, 2001.

Lolekha, P. H. and Sritong, N. Comparison of techniques for minimizing
interference of bilirubin on serum creatinine determined by the kinetic Jaffe

reaction. Journal of Clinical Laboratory Analysis, 8(6):391-399, 1994.

Toora, B. D. and Rajagopal, G. Measurement of creatinine by Jaffe's reaction-
determination of concentration of sodium hydroxide required for maximum color
development in standard, urine and protein free filtrate of serum. Indian Journal of

Experimental Biology, 20:352—-354, 2002.

Srisawasdi, P., Chaichanajarernkul, U., Teerakanjana, N., Vanavanan, S. and Kroll,
M. H. Exogenous interferences with Jaffe creatinine assays: addition of sodium
dodecyl sulfate to reagent eliminates bilirubin and total protein interference with

Jafte methods. Journal of Clinical Laboratory Analysis, 24(3):123-133, 2010.

Vaishya, R., Arora, S., Singh, B. and Mallika, V. Modification of Jaffe’s kinetic
method decreases bilirubin interference: A preliminary report. Indian Journal of

Clinical Biochemistry, 25:64—66, 2010.

1.36



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Borsook, H. Micromethods for determination of ammonia, urea, total nitrogen, uric
acid, creatinine (and creatine), and allantoin. Journal of Biological

Chemistry, 110(2):481-493, 1935.

Lustgarten, J. A. and Wenk, R. E. Simple, rapid, kinetic method for serum
creatinine measurement. Clinical Chemistry, 18(11):1419-1422, 1972.

Leken, F. On the Determination of Creatinine in Plasma Reaction, After Adsorption
to Lloyd's Reagent. Scandinavian Journal of Clinical and Laboratory
Investigation, 6(4):325-334, 1954.

Sundberg, M. W., Becker, R. W., Esders, T. W., Figueras, J. and Goodhue, C. T. An
enzymic creatinine assay and a direct ammonia assay in coated thin films. Clinical

Chemistry, 29(4):645-649, 1983,

Toffaletti, J., Blosser, N., Hall, T., Smith, S. and Tompkins, D. An automated dry-
slide enzymatic method evaluated for measurement of creatinine in serum. Clinical

Chemistry, 29(4):684—687, 1983.

Tanganelli, E., Prencipe, L., Bassi, D., Cambiaghi, S. and Murador, E. Enzymic
assay of creatinine in serum and urine with creatinine iminohydrolase and

glutamate dehydrogenase. Clinical Chemistry, 28(7):1461-1464, 1982.

Moss, G. A., Bondar, R. J. and Buzzelli, D. M. Kinetic enzymatic method for
determining serum creatinine. Clinical Chemistry, 21(10):1422—-1426, 1975.

Fossati, P., Prencipe, L. and Berti, G. Enzymic creatinine assay: a new colorimetric
method based on hydrogen peroxide measurement. Clinical

chemistry, 29(8):1494-1496, 1983.

Squires, M., Wise, H., Holmes, H. and Hadfield, K. Lithium heparin interference
in the Abbott enzymatic creatinine assay: the significance of under-filled

tubes. Annals of Clinical Biochemistry, 58(6):653—-656, 2021.

Schmidt, R. L., Straseski, J. A., Raphael, K. L., Adams, A. H. and Lehman, C. M.
A risk assessment of the Jaffe vs enzymatic method for creatinine measurement in

an outpatient population. PLOS One, 10(11):e0143205, 2015.

1.37



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Mitewa, M., Bontchev, P. R. and Kabassanov, K. A four-membered chelate

complex of Cu (II) with creatinine. Polyhedron, 4(7):1159-1161, 1985.

Mitewa, M., Gencheva, G., Ivanova, 1., Zhecheva, E. and Mechandjiev, D.
Complex formation of monomeric and dimeric copper (II) complexes with

creatinine in organic media. Polyhedron, 10(15):1767-1771, 1991.

Muralidharan, S., Nagaraja, K. S. and Udupa, M. R. Cobalt (II) complexes of
creatinine. Transition Metal Chemistry, 9:218-220, 1984.

Gencheva, G., Mitewa, M. and Bontchev, P. R. Dimeric and oligomeric platinum
(I1, IT), (11, 11I) and  palladium  (II, IT) complexes  with
creatinine. Polyhedron, 11(18):2357-2361, 1992.

Mitewa, M., Gencheva, G., Bontchev, P. R., Angelova, O. and Macicek, J.
Monomeric Pt (II) and Pd (II) complexes with Creatinine. Crystal structure of
tetrakis-(Creatinine) platinum (II) diperchlorate. Polyhedron, 7(14):1273—1278,
1988.

Mitewa, M., Gencheva, G., Bontchev, P. R., Zhecheva, E. and Nefedov, V.
Structure of Ni (II)-creatinine complex species formed in non-aqueous

media. Inorganica Chimica Acta, 164(2):201-204, 1989.

Muralidharan, S., Nagaraja, K. S. and Udupa, M. R. Creatinine complexes of zinc,

cadmium and mercury. Polyhedron, 3(5):619-621, 1984.

Canty, A. J., Fyfe, M. and Gatehouse, B. M. Organometallic compounds containing
a guanidinium group. Phenylmercury (II) derivatives of creatine and creatinine.

Inorganic Chemistry, 17(6):1467-1471, 1978.

Mitewa, M. Coordination properties of the bioligands creatinine and creatine in

various reaction media. Coordination Chemistry Reviews, 140:1-25, 1995.

Gangopadhyay, D., Singh, S. K., Sharma, P., Mishra, H., Unnikrishnan, V. K.,
Singh, B. and Singh, R. K. Spectroscopic and structural study of the newly
synthesized heteroligand complex of copper with creatinine and urea.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 154:200—
206, 2016.

1.38



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

El-Sayed, M. Y., Refat, M. S., Altalhi, T., Eldaroti, H. H. and Alam, K. Preparation,
spectroscopic, thermal and molecular docking studies of covid-19 protease on the
manganese (II), iron (III), chromium (III) and cobalt (II) creatinine

complexes. Bulletin of the Chemical Society of Ethiopia, 35(2):399—-412, 2021.

Younes, A. A., Alsuhaibani, A. M. and Refat, M. S. Preparation, spectroscopic and
thermal studies on the zinc (II), cadmium (II), tin (I), lead (II) and antimony (III)
creatinine complexes. Bulletin of the Chemical Society of Ethiopia, 36(4):831-842,
2022.

Qu, S., Cao, Q., Ma, J. and Jia, Q. A turn-on fluorescence sensor for creatinine
based on the quinoline-modified metal organic frameworks. Talanta, 219:121280,

2020.

Borse, S., Murthy, Z. V. P. and Kailasa, S. K. Synthesis of red emissive copper
nanoclusters with 2-mercaptopyrimidine for promoting selective and sensitive
fluorescent sensing of creatinine as a kidney disease biomarker in

biofluids. Journal of Molecular Liquids, 368:120705, 2022.

Nair, R. V., Suma, P. R. P. and Jayasree, R. S. A dual signal on-off fluorescent
nanosensor for the simultaneous detection of copper and creatinine. Materials

Science and Engineering: C, 109:110569. 2020.

Lewinska, 1., Michalec, M. and Tymecki, .. From the bottom of an old jar: A
fluorometric method for the determination of creatinine in human serum. Analytica

Chimica Acta, 1135:116-122, 2020.

Kainth, S., Maity, B. and Basu, S. Label-free detection of creatinine using
nitrogen-passivated fluorescent carbon dots. RSC Advances, 10(60):36253-36264,
2020.

Tajarrod, N., Rofouei, M. K., Masteri-Farahani, M. and Zadmard, R. A quantum
dot-based fluorescence sensor for sensitive and enzymeless detection of

creatinine. Analytical Methods, 8(30):5911-5920, 2016.

Thammajinno, S., Buranachai, C., Kanatharana, P., Thavarungkul, P. and

Thammakhet-Buranachai, C. A copper nanoclusters probe for dual detection of

1.39



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[121]

[122]

[123]

[124]

[125]

[126]

[127]

microalbumin and creatinine. Spectrochimica Acta Part A: Molecular and

Biomolecular Spectroscopy, 270:120816, 2022.

Pal, S., Lohar, S., Mukherjee, M., Chattopadhyay, P. and Dhara, K. A fluorescent
probe for the selective detection of creatinine in aqueous buffer applicable to

human blood serum. Chemical Communications, 52(94):13706—13709, 2016.

Du, F., Li, M., Wei, Y., Huang, D., Zhou, Y., Yang, L., Chen, J., Liu, S. and Tan,
X. A water-soluble fluorescent probe for detecting creatinine in totally aqueous
media and imaging exogenous creatinine in living cells. Analytical and

Bioanalytical Chemistry, 411:2545-2553, 2019.

Karn-orachai, K. and Ngamaroonchote, A. Role of polyelectrolyte multilayers over
gold film for selective creatinine detection using Raman spectroscopy. Applied

Surface Science, 546:149092, 2021.

Kim, H. S., Kim, H. J., Lee, J., Lee, T., Yun, J., Lee, G. and Hong, Y. Hand-held
Raman spectrometer-based dual detection of creatinine and cortisol in human

sweat using silver nanoflakes. Analytical Chemistry, 93(45):14996-15004, 2021.

Yang, F., Wen, P., Li, G., Zhang, Z., Ge, C. and Chen, L. High-performance
surface-enhanced Raman spectroscopy chip integrated with a micro-optical system

for the rapid detection of creatinine in serum. Biomedical Optics

Express, 12(8):4795-4806, 2021.

Zhu, W., Wen, B. Y, Jie, L. J., Tian, X. D., Yang, Z. L., Radjenovic, P. M., Luo, S.
Y., Tian, Z. Q. and L4i, J. F. Rapid and low-cost quantitative detection of creatinine
in human urine with a portable Raman spectrometer. Biosensors and

Bioelectronics, 154:112067, 2020.

Vitali, L., Gongalves, S., Rodrigues, V., Favere, V. T. and Micke, G. A.
Development of a fast method for simultaneous determination of hippuric acid,
mandelic acid, and creatinine in urine by capillary zone electrophoresis using

polymer multilayer-coated capillary. Analytical and Bioanalytical Chemistry,
409:1943-1950, 2017.

1.40



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Grochocki, W., Markuszewski, M. J. and Quirino, J. P. Simultancous
determination of creatinine and acetate by capillary electrophoresis with
contactless conductivity detector as a feasible approach for urinary tract infection
diagnosis. Journal of Pharmaceutical and Biomedical Analysis, 137:178—181,
2017.

Staal, S., Ungerer, M., Floris, A., Ten Brinke, H. W., Helmhout, R., Tellegen, M.,
Janssen, K., Karstens, E., van Arragon, C., Lenk, S. and Staijen, E. A versatile

electrophoresis-based self-test platform. Electrophoresis, 36(5):712-721, 2015.

Scribel, L., Zavascki, A. P., Matos, D., Silveira, F., Peralta, T., Landgraf, N. G.,
Wink, P. L., da Silva, A. C. C., Andriguetti, N. B., Lisboa, L. L. and Antunes, M.
V. Vancomycin and creatinine determination in dried blood spots: analytical
validation and clinical assessment. Journal of Chromatography B, 1137:121897,
2020.

Sakurai, T., Irii, T. and Iwadate, K. Simultaneous quantification of urea, uric acid,
and creatinine in human urine by liquid chromatography/mass spectrometry. Legal

Medicine, 55:102011, 2022.

Marshall, D. J., Kim, J. J., Brand, S., Bryne, C. and Keevil, B. G. Assessment of
tacrolimus and creatinine concentration collected using Mitra microsampling

devices. Annals of Clinical Biochemistry, 57(5):389-396, 2020.

Sukhang, M., Junkuy, A., Buckley, N., Mohamed, F. and Wunnapuk, K. An LC-
MS/MS method for creatine and creatinine analysis in paraquat-intoxicated
patients. Journal of Environmental Science and Health, Part B, 55(3):273-282,
2020.

Fekry, A. M., Abdel-Gawad, S. A., Tammam, R. H. and Zayed, M. A. An
electrochemical sensor for creatinine based on carbon nanotubes/folic acid/silver

nanoparticles modified electrode. Measurement, 163:107958, 2020.

Singh, P., Mandal, S., Roy, D. and Chanda, N. Facile detection of blood creatinine
using binary copper—iron oxide and rGO-based nanocomposite on 3D printed Ag-
electrode  under  POC settings. ACS  Biomaterials  Science &
Engineering, 7(7):3446-3458, 2021.

1.41




A general introduction to creatinine, its importance and its detection techniques Chapter-1

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Jankhunthod, S., Kaewket, K., Termsombut, P., Khamdang, C. and Ngamchuea, K.
Electrodeposited copper nanoparticles for creatinine detection via the in situ

formation of copper-creatinine complexes. Analytical and Bioanalytical

Chemistry, 415(16):3231-3242, 2023.

Kaewket, K. and Ngamchuea, K. Electrochemical detection of creatinine:

exploiting copper (ii) complexes at Pt microelectrode arrays. RSC Advances,

13(47):33210-33220, 2023.

Kumar, R. K. R., Shaikh, M. O., Kumar, A., Liu, C. H. and Chuang, C. H.
Zwitterion-functionalized cuprous oxide nanoparticles for highly specific and

enzymeless electrochemical creatinine biosensing in human serum. ACS Applied

Nano Materials, 6(3):2083-2094, 2023.

Ngamchuea, K., Wannapaiboon, S., Nongkhunsan, P., Hirunsit, P. and Fongkaew,
I. Structural and electrochemical analysis of copper-creatinine complexes:
application in creatinine detection. Journal of The Electrochemical

Society, 169(2):020567, 2022.

Sato, N., Takeda, K. and Nakamura, N. Development of a Copper-electrodeposited
Gold Electrode for an Amperometric Creatinine Sensor to Detect Creatinine in

Urine without Pretreatment. Electrochemistry, 89(3):313-316, 2021.

Kalasin, S., Sangnuang, P., Khownarumit, P., Tang, I. M. and Surareungchai, W.
Salivary creatinine detection using a Cu (I)/Cu (II) catalyst layer of a
supercapacitive hybrid sensor: a wireless [oT device to monitor kidney diseases for
remote medical mobility. ACS Biomaterials Science & Engineering, 6(10):5895—
5910, 2020.

Gao, X., Gui, R., Guo, H., Wang, Z. and Liu, Q. Creatinine-induced specific signal
responses and enzymeless ratiometric electrochemical detection based on copper
nanoparticles electrodeposited on reduced graphene oxide-based hybrids. Sensors

and Actuators B: Chemical, 285:201-208, 2019.

Raveendran, J., Resmi, P. E., Ramachandran, T., Nair, B. G. and Babu, T. S.
Fabrication of a disposable non-enzymatic electrochemical creatinine

sensor. Sensors and Actuators B: Chemical, 243:589-595, 2017.

1.42




A general introduction to creatinine, its importance and its detection techniques Chapter-1

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

Fava, E. L., do Prado, T. M., Garcia-Filho, A., Silva, T. A., Cincotto, F. H., de
Moraes, F. C., Faria, R. C. and Fatibello-Filho, O. Non-enzymatic electrochemical

determination of creatinine using a novel screen-printed

microcell. Talanta, 207:120277, 2020.

Kumar, V., Hebbar, S., Kalam, R., Panwar, S., Prasad, S., Srikanta, S. S.,
Krishnaswamy, P. R. and Bhat, N. Creatinine-iron complex and its use in

electrochemical measurement of  urine creatinine. /[EEE Sensors

Journal, 18(2):830-836, 2017.

Mahmoud, A. M., Mahnashi, M. H. and EI-Wekil, M. M. An innovative dual-signal
electrochemical ratiometric determination of creatinine based on silver
nanoparticles with intrinsic self-calibration property for bimetallic Prussian blue

analogues. Analytical and Bioanalytical Chemistry, 415(25):6247—6256, 2023.

Nene, A., Phanthong, C., Surareungchai, W. and Somasundrum, M.
Electrochemical  detection of creatinine using Au-Ag bimetallic

nanoparticles. Journal of Solid State Electrochemistry, 27(10):2869-2875, 2023.

Kumar, R. K. R., Kumar, A., Shaikh, M. O., Liao, C. Y. and Chuang, C. H.
Enzymeless electrochemical biosensor platform utilizing Cu,O-Au nanohybrids
for point-of-care creatinine testing in complex biological fluids. Sensors and

Actuators B: Chemical, 399:134787, 2024.

L1, Y., Luo, L., Nie, M., Davenport, A., Li, Y., Li, B. and Choy, K. L. A graphene
nanoplatelet-polydopamine molecularly imprinted biosensor for Ultratrace

creatinine detection. Biosensors and Bioelectronics, 216:114638, 2022.

Prabhu, S. N., Mukhopadhyay, S. C., Gooneratne, C. P., Davidson, A. S. and Liu,
G. Molecularly Imprinted Polymer-based detection of creatinine towards smart

sensing. Medical Devices & Sensors, 3(6):e10133, 2020.

Teekayupak, K., Aumnate, C., Lomae, A., Preechakasedkit, P., Henry, C. S.,
Chailapakul, O. and Ruecha, N. Portable smartphone integrated 3D-Printed
electrochemical sensor for nonenzymatic determination of creatinine in human

urine. Talanta, 254:124131, 2023.

1.43



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

Menéndez, G. A., Amor-Gutiérrez, O., Garcia, A. C., Funes-Menéndez, M., Prado,
C., Miguel, D., Rodriguez-Gonzélez, P., Gonzalez-Gago, A. and Alonso, J. I. G.
Development and evaluation of an electrochemical biosensor for creatinine
quantification in a drop of whole human blood. Clinica Chimica Acta, 543:117300,
2023.

Das, M., Chakraborty, T. and Kao, C. H. Sol-gel synthesized RexBi1xO thin films
for electrochemical creatinine sensing: A facile fabrication approach. Materials

Chemistry and Physics, 315:128889, 2024.

Ashakirin, S. N., Zaid, M. H. M., Haniff, M. A. S. M., Masood, A. and Wee, M. M.
R. Sensitive electrochemical detection of creatinine based on electrodeposited

molecular  imprinting  polymer  modified screen-printed ~ carbon

electrode. Measurement, 210:112502, 2023.

Kumar, R. K. R., Shaikh, M. O. and Chuang, C. H. A review of recent advances in
non-enzymatic electrochemical creatinine biosensing. Analytica Chimica

Acta, 1183:338748, 2021.

Bajpai, S., Akien, G. R. and Toghill, K. E. An alkaline ferrocyanide non-enzymatic
electrochemical sensor for creatinine detection. Electrochemistry

Communications, 158:107624, 2024,

Gonzalez-Gallardo, C. L., Arjona, N., Alvarez-Contreras, L. and Guerra-Balcazar,
M. Electrochemical creatinine detection for advanced point-of-care sensing

devices: a review. RSC Advances, 12(47):30785-30802, 2022.

Ciou, D. S., Wu, P. H., Huang, Y. C., Yang, M. C., Lee, S. Y. and Lin, C. Y.
Colorimetric and amperometric detection of urine creatinine based on the ABTS

radical cation modified electrode. Sensors and  Actuators B:

Chemical, 314:128034, 2020.

Lewinska, 1., Speichert, M., Granica, M. and Tymecki, L. Colorimetric point-of-
care paper-based sensors for urinary creatinine with smartphone readout. Sensors

and Actuators B: Chemical, 340:129915, 2021.

1.44



A general introduction to creatinine, its importance and its detection techniques Chapter-1

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

Liang, L., Xiong, Y., Duan, Y., Zuo, W., Liu, L., Ye, F. and Zhao, S. Colorimetric
detection of creatinine based on specifically modulating the peroxidase-mimicking

activity of Cu-Fenton system. Biosensors and Bioelectronics, 206:114121, 2022.

Karakuzu, B., Tarim, E. A., Oksuz, C. and Tekin, H. C. An electromechanical lab-
on-a-chip platform for colorimetric detection of serum creatinine. ACS

omega, 7(29):25837-25843, 2022.

Feng, S., Shi, R., Xu, P., Bhamore, J. R., Bal, J., Baek, S. H., Park, C. Y., Park, J.
P. and Park, T. J. Colorimetric detection of creatinine using its specific binding
peptides and gold nanoparticles. New Journal of Chemistry, 44(37):15828-15835,
2020.

Zhu, J., Pan, J., Li, Y., Yang, J. and Ye, B. Enzyme-nanozyme cascade colorimetric
sensor platform: a sensitive method for detecting human serum

creatinine. Analytical and Bioanalytical Chemistry, 414(20):6271-6280, 2022.

Saputra, H. A. Electrochemical sensors: basic principles, engineering, and state of

the art. Monatshefte fiir Chemie-Chemical Monthly, 154(10):1083—-1100, 2023.

Baranwal, J., Barse, B., Gatto, G., Broncova, G. and Kumar, A. Electrochemical

sensors and their applications: A review. Chemosensors, 10(9):363, 2022.
Bisswanger, H. Enzyme assays. Perspectives in Science, 1(1-6):41-55, 2014.

Sajini, T. and Mathew, B. A brief overview of molecularly imprinted polymers:
Highlighting ~ computational =~ design, nano and  photo-responsive

imprinting. Talanta Open, 4:100072, 2021.

Cockwell, P. and Fisher, L. A. The global burden of chronic kidney disease. The
Lancet, 395(10225):662—-664, 2020.

Francis, A., Harhay, M.N., Ong, A., Tummalapalli, S.L., Ortiz, A., Fogo, A.B.,
Fliser, D., Roy-Chaudhury, P., Fontana, M., Nangaku, M. and Wanner, C. Chronic
kidney disease and the global public health agenda: an international

consensus. Nature Reviews Nephrology, 20:473-485, 2024.

Foreman, K. J., Marquez, N., Dolgert, A., Fukutaki, K., Fullman, N., McGaughey,
M., Pletcher, M. A., Smith, A. E., Tang, K., Yuan, C. W. and Brown, J. C.

1.45




A general introduction to creatinine, its importance and its detection techniques Chapter-1

Forecasting life expectancy, years of life lost, and all-cause and cause-specific
mortality for 250 causes of death: reference and alternative scenarios for 2016—40

for 195 countries and territories. The Lancet, 392(10159):2052—2090, 2018.

1.46



	05_chapter 1

