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GRAPHICAL ABSTRACT

ABSTRACT

In this paper, we describe a validated paper-based microfluidic analytical device for the simultaneous
quantification of two important biomarkers of renal function in urine. This paper platform provides an
inexpensive, simple, and easy to use colorimetric method for the quantification of creatinine (CRN) and
uric acid (UA) in urine samples. The microfluidic paper-based analytical device (WPAD) consists of a main
channel with three identical arms, each containing a circular testing zone and a circular uptake zone.
Creatinine detection is based on the Jaffé reaction, in which CRN reacts with picrate to form an orange-
red product. Uric acid quantification is based on the reduction of Fe3* to Fe?* by UA, which is detected in
a colorimetric reaction using 1,10-phenanthroline. Under optimum conditions, obtained through che-
mometrics, the concentrations of the analytes showed good linear correlations with the effective in-
tensities, and the method presented satisfactory repeatability. The limits of detection and the linear
ranges, respectively, were 15.7 mg L' and 50—600 mg L~ for CRN and 16.5 mg L~ ! and 50—500 mg L}
for UA. There were no statistically significant differences between the results obtained using the pPAD
and a chromatographic comparative method (Student's t-test at 95% confidence level).

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The kidneys play vital roles in the human body. They fulfill
excretory, regulatory, and endocrine functions, and are responsible
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for osmotic balance, regulation of blood pressure, excretion of
endocrine hormones, and elimination of toxic substances. The loss
of kidney function, characterizing renal failure, may be asymp-
tomatic until about 50% of the kidney function has been compro-
mised. Therefore, since renal insufficiency is a silent disease, the
only way to evaluate renal function is by the measurement of
biomarkers. Two widely used and important biomarkers are
creatinine and uric acid. The concentrations of these compounds in
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urine can provide important information about renal function,
enabling early diagnosis and increasing the possibility of cure or
delay of the disease.

Creatinine (CRN) is spontaneously produced in the metabolism
of muscle contraction from creatine and phosphocreatine. It is
excreted by the kidneys and is not available to the organism. Since
the rate of excretion of creatinine is relatively constant, it is an
important clinical marker for renal function, because a decrease in
the concentration found in urine is associated with deterioration of
renal function [1].

Creatinine determination is traditionally performed by Jaffé’s
method, which is simple, fast, cheap, and easy to perform. In this
test, alkaline picrate reacts with creatinine to form an orange-red
product that is measured spectrophotometrically. Other current
methods include HPLC-MS/MS [2], HPLC-DAD [3,4]|, spectropho-
tometry [5], spectrophotometry using a portable microfluidic sys-
tem [6], and electrophoresis with electrochemical [7], UV [8], and
colorimetric detection [9].

Uric acid (UA) is the final product derived from catabolism of
purine bases (adenosine and guanine). Hyperuricemia, associated
with high concentrations of uric acid, causes gout and has been
correlated with many diseases including diabetes, Lesch-Nyan
disease, high blood pressure, and heart disease [10]. Patients with
hyperuricemia show a higher incidence of renal failure [11],
demonstrating the importance of uric acid as a biomarker.

Analytical procedures for the measurement of uric acid include
HPLC-DAD [3,4], electrophoresis with UV detection [8], spectro-
photometry with chemometric tools [ 12], electrochemical methods
[13], colorimetric detection with multiple indicators [14], enzy-
matic reaction [15], and gold nanoparticles [ 16]. Only methods that
involve separation techniques, such as chromatography [3,4] and
electrophoresis [8], are able to determine both analytes simulta-
neously. However, these techniques involve the use of large vol-
umes of toxic organic solvents, produce substantial amounts of
waste that may be dangerous to the operator and the environment
[17], and require laborious clean-up steps.

Paper is an emerging solid support that can be used in chemical
and biological analyses, due to its widespread availability, low cost,
and provision of a high-contrast background for colorimetric
detection [18,19]. Microfluidic paper-based analytical devices
(WPADs) are simple systems for use in diagnostic bioanalyses. The
advantages of this platform over conventional methods of analysis
are numerous including simplicity, portability, and disposability.
The pPADs present low cost and are easy-to-use, with interesting
features as compatibility with biological samples, low reagent
consumption, small sample volume, the possibility to integrate
many analytical determinations using one device, safe disposable
by incineration and many fabrication methods [20,21]. Moreover,
the control of fluid transport by capillarity and evaporation does
not require an external power source [22].

This inexpensive diagnostic platform may be employed in
remote villages or other areas where it is difficult to access labo-
ratory infrastructure and trained personnel, due to its simplicity
and minimal production cost. For this reason, techniques have been
developed for the detection of several species relevant for disease
prevention and diagnosis, including glucose [22], protein [22], ni-
trite [23], aldehydes [24], beta-hydroxybutyrate [25], uric acid [15],
and cholesterol [26].

In the present work, a pPAD was constructed and two optimized
and validated methods were developed for the simultaneous
quantification of two biomarkers in urine, namely creatinine and
uric acid, using Jaffé’s method and a Fe3*/1,10-phenanthroline
method, respectively. The proposed analytical device can be used
to evaluate renal function and to help prevent kidney failure, of-
fering low cost, simplicity, and portability.

2. Materials and methods
2.1. Reagents and standard solutions

All reagents used were analytical grade. Solutions and dilutions
were made using deionized water (18.2 MQ cm) obtained from a
Milli-Q system (Millipore). Standard solutions of anhydrous creat-
inine (Sigma-Aldrich) and uric acid (Sigma-Aldrich) were prepared
in deionized water and in 0.05 mol L~! NaOH (Sigma-Aldrich),
respectively, in the latter case in order to avoid precipitation of uric
acid. All acid and alkaline solutions were standardized as described
in the literature [27].

The chromogenic reagent employed in the creatinine analysis
consisted of 0.010 mol L~! picric acid (Merck) in 1.00 mol L~! NaOH.
The two reagents used in the uric acid analysis were 0.0600 mol L™
1,10-phenanthroline (Sigma-Aldrich) with 0.530 mol L~!' anhy-
drous sodium acetate (Sigma-Aldrich) in a 50:50 ethanol (Tedia)
and water medium, and 0.0450 mol L~ Fe(NO3);-9H,0 (Sigma-
Aldrich) in 0.25 mol L' HyS04 (Sigma-Aldrich). Amaranth was
purchased from Sigma-Aldrich.

The solutions used in the study of interferences were prepared
using a ratio of 1:1 (analyte/interferent) for acetone (Quemis), uric
acid (Sigma-Aldrich), ascorbic acid (Merck), albumin (Across Or-
ganics), creatine, creatinine (Sigma-Aldrich), glucose (Chemco),
sodium pyruvate (Merck), CaCly-2H,0 (Reagen), KCl (Synth),
KH,PO4 (Merck), NaySO4 (Merck), NaCl (Mallinckrodt), and NH4Cl
(Merck). Analyte/interferent ratios of 25:1 and 1:10 were used for
bilirubin (Merck) and urea (Sigma-Aldrich), respectively.

Three synthetic urine samples were prepared as described by
Laube et al. [28], containing 1.10 g L~! CaCl,-2H,0, 2.93 g L~ Nacl,
225 g L' NaySO4 140 g L' KHPO4 160 g L~' Kl
1.00 g L' NH4Cl, and 25.00 g L~ urea. Uric acid and creatinine
were added to the synthetic urine in appropriate concentrations.
Four natural urine samples from healthy and drug-free people were
collected in clean containers. The pH of all samples were adjusted
to between pH 8 and 9 with 10 mol L~! NaOH solution to avoid uric
acid precipitation [ 1]. In relation to the proposed analysis, the urine
samples were diluted 3-fold with deionized water. For the natural
urines, air was bubbled through the sample for 20 min.

2.2. Fabrication and preparation of the uPAD

The configuration of the pPAD employed in this work was
similar to that reported previously [23], with some modifications.
CorelDRAW X5 was used to design the uPAD. The analytical device
used consisted of a main channel with three identical arms, each
containing a circular testing zone and a circular uptake zone. The
final dimensions of each device were 19 x 19 mm, with 4 mm width
for the main channel, 2 mm width for the arms, and 4 mm di-
ameters for the testing and uptake zones. The design was printed
on a Whatman No. 1 filter paper with wax toner (Genuine Xerox
Solid Ink Black) using a wax printer (Xerox Phaser 8560), as
described by Carrilho et al. [29]. After printing, the paper was
heated at 120 °C for 120 s for formation of the hydrophobic barriers.

After printing and heating, the pPAD was cut into 19 x 19 mm
pieces. For creatinine determination, a 2-pL aliquot of a solution of
0.1 mol L~ picric acid in 1.0 mol L~! NaOH was spotted onto the
uptake zone. For uric acid determination, a 2 pL aliquot of a solution
containing 1,10-phenanthroline (0.06 mol L~!) and acetate
(0.53 mol L™!) was added to the uptake zone, and a 2 pL aliquot of a
solution of Fe>* (0.45 mol L™1) in H2S04 (0.25 mol L~1) was spotted
onto the testing zone.
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2.3. Method of analysis

For the analysis of creatinine and uric acid, a 10-pL aliquot of the
sample or standard solution was transferred to a Petri dish. With
the analytical device in a vertical orientation, the main channel was
placed in contact with the solution until the hydrophilic zones were
filled by capillarity. The pPAD was then heated for 50 s using a
domestic hair dryer set at minimum power (61.1 + 0.4 °C). For semi-
quantitative analysis, the color developed in the testing zone was
compared with a color palette. For quantitative determination, the
device was digitized and the intensity of the green color (RGB
format) obtained in both reactions was determined using Image]®
software. The effective intensity of the green color (Ag) was
calculated as Ag = —log(Gs/Gg), as defined by Abbaspour [30],
where Gs and Gg are the green color intensities of the sample and
the blank, respectively. The effective intensities could be used to
quantify creatinine and uric acid using the analytical curves.

2.4. Experimental design

Experimental design methodology was used to determine the
optimal experimental conditions for the spot tests. The circular
hydrophobic barriers (15 mm diameter and 0.75 mm thickness)
were produced similarly to a method of the uPAD described pre-
viously [29]. In the creatinine spot test, 15 pL of creatinine reagent
was spotted, followed by 15 pL of creatinine solution. For uric acid
determination, 10 pL of iron(Ill) solution was spotted, followed by
10 uL of uric acid and 10 uL of 1,10-phenanthroline solutions. After
deposition of the solutions, the papers were heated using a do-
mestic hair dryer at minimum power. The measurements were
performed using digital images.

2.5. Comparative method

The results obtained by the proposed method were compared
with analyses using the comparative HPLC methodology described
in the literature [3]. The experimental conditions were as follows:
ODS-BP column (250 mm x 4.6 mm, 5 um) with an internal ODS-BP
guard column; 50 x 103 mol L~! NaH,PO4 (Merck) and methanol
(J. T. Baker) (95:5) as the mobile phase; flow rate of 0.8 mL min~!;
run time of 15 min; injection volume of 20 pL; DAD detector with a
fixed wavelength of 210 nm; column temperature of 25 °C.

Urine samples were diluted 5-fold with the mobile phase and
the proteins were precipitated by centrifugation (Universal 320R,
Hettich) at 6000 rpm for 10 min. The supernatants were diluted 3-
fold with the mobile phase. Samples were filtered through a 0.45-
um membrane and submitted to analysis by HPLC.

3. Results and discussion
3.1. Design of the uPAD

3.1.1. Hydrophilic channel width and diameter of the zones

The design of the analytical device developed in this work was
similar to those described by Martinez et al. [31] and Bhakta et al.
[23]. The ascent velocity of the amaranth dye solution was initially
faster and decreased with distance, because the volume of evapo-
rated solution became progressively larger. The ascent rate was
slower for channels with smaller widths, due to greater resistance
to passage of the solution through the paper [32]. However, a
greater hydrophilic channel width increased the sample volume.
Therefore, a width of 2 mm was selected, which provided inter-
mediate ascent velocity and sample volume, without requiring
many samples and a long time to fill the entire channel.

The circular format of the uptake and test zones resulted in

dependence only on the diameter. Increase in the diameters of the
zones increased the volumes of reagent and sample required, and
here a 4 mm diameter was selected for use in the subsequent an-
alyses, which provided good color uniformity without excessive
reagent and sample volumes. It was observed that a prolongation
after the test zone provided a better distribution of staining in the
test zone in the case of creatinine, while the area of the color re-
action increased in the case of uric acid. The final design of the
analytical device used consisted of a main channel with three
identical arms, two arms for uric acid and creatinine determination
and the third to determine if the sample color interfere in the
analysis. Each arm with a circular testing zone and a circular uptake
zone. The final dimensions of the device were 19 x 19 mm, with a
4 mm width for the main channel, 2 mm widths for the arms, and
4 mm diameters for the testing and uptake zones (Fig. 1).

An amaranth dye solution was used to determine the volume
absorbed by the device, and around 10 puL was found to be sufficient
to fill all the hydrophilic channels. The volume of water absorbed by
the device was 10.3 + 0.7 pL at 25 °C (n = 10). Therefore, it was
possible to perform the analysis without using a micropipette,
because the devices absorbed an almost constant volume of sam-
ple. Although the results without a micropipette showed a certain
dispersion, this alternative still could be used in quantitative
analysis. This feature should make the technique attractive for
practical use in remote regions where micropipettes may not be
available for dispensing accurate volumes.

3.1.2. Non-specific interactions of analytes with the device

A concern when using a pPAD is that the analyte could be
retained nonspecifically in the paper, without becoming evenly
distributed (analogously to a chromatographic separation). In order
to determine whether the analytes produced stains at the begin-
ning of the device, or whether there was uniform distribution, a
device consisting of only one channel, without any zones, was
placed in contact with an analyte solution that filled the entire
length of the channel. After drying, the channel was divided into
two identical halves that were transferred to different tubes,
together with 20 uL of chromogenic reagent and 1 mL of deionized
water. For the determination of creatinine, the papers were incu-
bated in the tubes at 35 °C for 15 min [33]. The absorbance values
were recorded with a spectrophotometer, using wavelengths of
500 nm for creatinine and 510 nm for uric acid. Statistical com-
parison of the results resulted in t-test values that did not exceed
the critical value (4.303, at the 95% confidence level and with two
degrees of freedom), showing that the analytes were distributed
evenly throughout the device.

3.2. Uric acid method

The determination of uric acid was based on the reducing
property of the analyte. The Fe?*-1,10-phenantholine complex is

Testing zone

HYC:aC’rF:i'lorb'c prolongation
Testing zone
Uptake i
e Main

channel

Fig. 1. Design of the analytical device employed for creatinine and uric acid
determinations.
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well known and is described in the literature [34] as presenting a
red color. The complex between Fe* and 1,10-phenanthroline has a
pale yellow color, so the reaction used for the analysis was based on
the reduction of Fe* to Fe?* by uric acid and complexation with
1,10-phenanthroline.

The Fe?*-1,10-phenanthroline complex stoichiometry is 1:3
(metal:complexing agent), while the ratio between uric acid and
Fe** is not known. The latter was determined using Job's method
(or method of continuous variation) [35]. The stoichiometric ratio
was found to be 1 uric acid:2 Fe3*, which is the stoichiometry of the
reaction. Simoyi and co-workers [36] described allantoin as the
oxidation product of uric acid. The reaction of uric acid with Fe3*
and 1,10-phenanthroline is illustrated in Fig. 2. In preliminary tests
of the digital image detection method, the green channel of the RGB
color format was selected for use in the colorimetric analyses, due
its higher sensitivity.

3.2.1. Optimization of variables

The influence of temperature and the order of addition of the
reagents on color development were investigated. The best spot
color uniformity and intensity was achieved when the Fe>* solution
was added first, followed by the uric acid and 1,10-phenanthroline
solutions.

Iron (III) can undergo hydrolysis in an aqueous medium [37], so
this solution was prepared under acid conditions, with H* con-
centrations of 0.5, 0.75, and 1.0 mol L~ . No significant differences in
the analytical response were observed with the different acid
concentrations, so the preparation was performed using 0.5 mol L~
of H" in order to minimize reagent use.

The complexometric reaction between Fe?™ and 1,10-
phenanthroline is quantitative in the pH range from 2 to 9 [34].
The metal and complexation solutions were added separately, in
order to avoid reaction between the reagents and consequent for-
mation of the colored product, while the Fe>* solution was pre-
pared in acid medium. The 1,10-phenanthroline solution was
therefore prepared using sodium acetate, and mixing of the two
solutions resulted in the formation of buffer solutions with pH of
4.0, 4.5, and 5.0. The variation of pH did not cause any significant
alteration in the analytical response, so pH 4.0 was selected in order
to minimize reagent use.

There was an enhancement of 20% in the analytical response
when the reaction medium was heated for 60 s using a domestic
hair dryer at minimum power. Consequently, a full factorial design
(23) was used to identify the parameters that had the greatest in-
fluence on the reaction, considering the heating time and the
concentrations of 1,10-phenanthroline and Fe**. The factorial
design matrix is described in Table S1 and the results are shown as a
Pareto chart in Fig. S1, where the dashed vertical line indicates the
95% statistical significance limit. Any bar that exceeds this line in-
dicates a significant influence on the analytical signal. The Fe3*
concentration and the heating time showed significant positive
influences, indicating that the best results were obtained when

H Q h
Z2N +2HzO
/K+2F +6
Z "N -CO
H & |
Uncamd

1,10-phenanthroline

Fig. 2. Overall reaction of uric acid with Fe>*
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these factors were employed at a high level. The 1,10-
phenanthroline concentration showed no significant influence.

The heating time and Fe>* concentration were selected to
perform a central composite design to obtain the optimal experi-
mental conditions, since they showed significant influences on the
reaction. The 1,10-phenanthroline concentration was maintained at
a low level, since this provided better results.

For the central composite design, these two factors were com-
bined at five levels, with five replicates of the central point
(Table S2). Fig. S2 illustrates the three-dimensional response sur-
face graph obtained from the experimental data shown in Table S2.
The quadratic regression model could be described by the equation:
Ac = -0.0914 + 0.00173 t—0.00002 t* + 4.600 CE —49.417
C%5—0.00377 t CEZ. This equation provided critical values of 47 s
for the heating time and 0.0448 mol L~! for the Fe>* concentration.
The heating time used for the measurements was 50 s, because it
showed no significant difference to the critical value. Under these
experimental conditions, the optical signal obtained for the colored
product showed no significant change for at least 75 min.

The iron and 1,10-phenanthroline solutions could not be added
to the same zone, because a colored product was formed in the
absence of the analyte. Therefore, two different conditions were
evaluated: (A) with the iron solution spotted in the testing zone and
the 1,10-phenanthroline solution spotted in the uptake zone, and
(B) with the iron solution spotted in the uptake zone and the 1,10-
phenanthroline solution spotted in the testing zone. The best result
was obtained using condition A, because the coloring of the product
was more uniform, decreasing the half-moon shape of the stain.
The optimized reagent volumes added to the two zones were 2 uL
of each reagent, due to the greater effective intensity of the product
in the testing zone.

3.2.2. Analytical curve and figures of merit

After establishment of the best experimental conditions by
optimization of the variables, an analytical curve was constructed
for uric acid in the concentration range from 50 mg L~! to
500 mg L™, by appropriate dilution of a stock standard solution. A
linear relationship was obtained between the uric acid concentra-
tion and the green channel effective intensity (Ag), described by
A = 0.0165 + 0.000368 Cya, with R = 0.999 (n = 3). The repeat-
ability was evaluated from the relative standard deviations [38]
obtained for intra-day and inter-day measurements at two con-
centrations; for a 200 mg L~! solution of uric acid, the %RSD values
were 5.8% and 6.7%, respectively, while the values for a 400 mg L™!
solution were 4.0% and 8.3%, respectively. These results were
considered acceptable [39], demonstrating that the proposed
method was repeatable and that the analytical device could be used
for the determination of uric acid in urine.

The limits of detection (LOD) and quantification (LOQ) were
determined according to the IUPAC [40] recommendations:
LOD = 3*g/S and LOQ = 10*5/S, where ¢ is the standard deviation of
measurements of the blank (n = 10) and S is the slope of the linear

and 1,10-phenanthroline.
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range. The LOD and LOQ values were 16.5 mg L ! and 549 mg L™,
respectively. The normal concentration of uric acid in urine ranges
from 370 to 2500 mg L' in males and females. Therefore, the
proposed method provided sufficient sensitivity for the determi-
nation of uric acid in human urine [41].

In addition, a semi-quantitative visual determination can be
performed by comparison with a color palette (Fig. 3), when no
scanner is available.

3.3. Creatinine method

The colorimetric determination of creatinine was based on the
Jaffé reaction in an alkaline medium, where picric acid produces an
orange compound (Janovsky complex) in the presence of creatinine
[33] (Fig. 4). In preliminary experiments, the green channel of the
RGB color format was selected for use in the colorimetric analysis,
due its higher sensitivity.

3.3.1. Optimization of variables

Evaluation was made of the influence of temperature and the
order of addition of the reagents on color development. The best
color uniformity and intensity of the spot was achieved when the
picrate solution was added first, followed by the creatinine solu-
tion. As Jaffé reaction is temperature dependent [33], the experi-
ments showed an enhancement of 25% in the analytical response
when the reaction medium was heated for 60 s using a domestic
hair dryer at minimum power.

Multivariate analysis was employed to optimize the experi-
mental variables. A full factorial design (23) was used to obtain the
parameters that were most influential for the reaction, considering
the heating time and the concentrations of picric acid and hy-
droxide. The experimental design matrix is described in Table S3
and the results are illustrated in the Pareto chart shown in
Fig. S3. The dashed vertical line in Fig. S3 indicates the 95% statis-
tical significance limit. The heating time showed a significant
positive influence, indicating that the best results were obtained
when this factor was employed at a high level. The hydroxide and
picric acid concentrations showing no significant influence.
Therefore, the heating time selected for the creatinine reaction was
50 s, as used in the uric acid determination, because the heating
period had to be the same for both analytes since the de-
terminations were performed with the same device. Under this
condition, there was no significant difference from the results ob-
tained using heating for 60 s.

When the optimized conditions obtained from the response
surface experiments were applied using the uPAD, the reaction did
not occur immediately after heating. Therefore, the strategy used to
obtain similar coloring in the spot test was to increase the

Fig. 3. Color palette for semi-quantitative visual determination of uric acid. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Jaffé reaction between creatinine and picric acid in an alkaline medium.

hydroxide concentration and decrease the picric acid concentra-
tion. This approach could be used because neither Coy- nor Cpa had
a significant influence on the reaction (Fig. S3). In addition, as Coy-
had a negative impact and Cpa had a positive impact, the increase of
one and decrease of the other did not significantly alter the
analytical response.

The hydroxide concentration was therefore increased to
1.00 mol L™, at which a plateau of maximum effective intensity was
reached using a smaller volume of reagent (2 pL), compared to
when Cop- of 0.900 mol L~! was used (3 uL). The picric acid con-
centration was decreased to 0.0100 mol L™, due its lower solubility
in a more alkaline medium. Under these conditions, the color
development occurred immediately after heating and the color
remained stable for at least 3 h.

Similarly to that for uric acid, identification of the best zone for
reagent addition was necessary. When the reagent was deposited in
the uptake zone, the color of the product was more uniform and
occupied the entire zone, decreasing the half-moon shaped stain.

3.3.2. Analytical curve and figures of merit

After optimization of the variables, the proposed creatinine
methodology was evaluated using the same parameters employed
for the uric acid methodology. A linear relationship was obtained
between effective intensity in green channel (Ag) and creatinine
concentration, in the range from 50 mg L~! to 600 mg L},
described by Ag = 0.223 + 0.000401 Ccrn, With R = 0.999 (n = 3).
The LOD and LOQ values obtained according to the IUPAC [40]
recommendations (n = 10) were 15.7 mg L™! and 524 mg L™},
respectively.

The repeatability was evaluated using intra-day and inter-day
relative standard deviations (%RSD) obtained for measurements
at two concentrations. For a 150 mg L~! solution of creatinine, the %
RSD values were 3.3% and 3.8%, respectively, while the values for a
400 mg L~ ! solution were 2.6% and 4.6%, respectively. These results
showed that the proposed method was repeatable and could be
used for the determination of creatinine in urine using the
analytical device. The normal levels of creatinine in urine range
from 400 to 3000 mg L~ in males and from 370 to 2500 mg L~ ! in
females. Therefore, the proposed method provided sufficient
sensitivity for the determination of creatinine in human urine [42].
In addition, a semi-quantitative visual determination could be
performed by comparison with a color palette (Fig. 5), when no
scanner is available.

3.4. Study of interferences

Possible interferences from compounds present in artificial and
natural urine were evaluated using the interference factor (IF),
which is calculated as the ratio of the analyte signal in the presence
of interferents to the signal in the absence of them:
IF = Ag(analyte + interferent)/Ag(analyte) [43]. Solutions contain-
ing 200 mg L~! of the analyte together with each possible inter-
ferent at the same concentration, a 10-fold greater concentration
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Fig. 5. Color palette for semi-quantitative visual determination of creatinine. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

(urea), or a 25-fold lower concentration (bilirubin) were evaluated
under the same conditions described in Section 2.4, obtained using
the experimental design.

For all the compounds evaluated, the interference factors, at the
concentrations described above, were between 0.96 and 1.04 for
the two analytes (Table S4), with the exception of the interference
of ascorbic acid in the uric acid determination. Since these values
were less than 5% (except for the positive interference of ascorbic
acid in the uric acid determination), it was considered that in-
terferences were minimal [44]. The effect of ascorbic acid was ex-
pected, due to its reducing potential.

Ascorbic acid can be easily eliminated by bubbling air through
the sample. For the natural urines, passage of air through the
sample for 20 min was sufficient to oxidize the ascorbic acid,
resulting in a decrease of the interference factor for this compound
to 1.02.

3.5. Application to artificial and natural urine samples

Seven samples containing creatinine and uric acid were
analyzed by the proposed methods and the comparative technique
[3]. These samples consisted of three artificial urines (A-C) and four
natural urines (D-G). The results obtained for the two methods
were compared statistically using the paired Student's t-test (at the
95% confidence level). The calculated t-values did not exceed the
critical values, showing that there were no significant differences
between the results obtained using the two methods (Table 1),
hence confirming the accuracy of the proposed method.

The information presented in Table 2 shows that compared to
chromatographic techniques, the proposed method is safer for the
operator and the environment, because it avoids the use of toxic

organic solvents, such as methanol and acetonitrile, and generates a
minimal quantity of solid residue that can be easily incinerated. A
cost comparison between the proposed method and a chroma-
tography method (Table S5) showed that an analysis by the paper
platform is low cost. Determinations of creatinine and uric acid can
therefore be performed using a method that is faster, less expen-
sive, simpler, more portable, and easier to apply, compared to the
comparative method.

Other methods have been reported for uric acid determination
using a pPAD, employing enzymatic reactions [14,15], and gold
nanoparticles [16]. Enzymatic reactions are known to provide high
specificity, but can exhibit low reproducibility, which hinders their
use. The paper method based on gold nanoparticles (AuNPs) was
only suitable for semi-quantitative tests, and there have been no
applications of the methodology using real samples.

The only method for the quantification of creatinine using a
paper platform (but not employing a specifically paper-based
microfluidic analytical device) was described by Sittiwong and
Unob [9]. The procedure involved the extraction of urinary creati-
nine on paper in an acid medium, with subsequent washes and
addition of the chromogenic reagent. The extraction in an acid
medium, prior to the colorimetric reaction, made it impossible to
simultaneously determine uric acid using the same paper platform,
because the entire paper was used for the creatinine determination
and the sample was exposed to acid conditions, under which urate
is converted to insoluble uric acid that is not available for the re-
action. In the case of the present proposed method, the analysis of
creatinine is simple and does not require any extraction steps.

4. Conclusions

This work describes the development of an validated pPAD for
the simultaneous quantification of two important renal biomarkers
in urine. We used chemometrics to optimize conditions for the
reactions and the design of the device, and a chromatography
method to validate the proposed platform. Due to the simplicity of
the developed pPAD, a semi-skilled person in a local without
minimal infrastructure can use the test to evaluate the renal
function.

This new platform for quantification of uric acid and creatinine
in urine provides relevant information about kidney failure—a si-
lent disease with a growth number of cases—and gout. Other dis-
eases like diabetes, Lesch-Nyan disease, high blood pressure, and
heart disease could also be evaluated in similar tests. The levels of
several compounds are expressed clinically as a ratio to the creat-
inine concentration. For example, the uric acid/creatinine ratio
could be an additional marker of perinatal asphyxia in newborns
[45] and gout patients [46]. Using the clinical result as a relative

Table 1
Simultaneous determination of creatinine (CRN) and uric acid (UA) in urine samples.
Sample CRN concentration® t-test” UA concentration® t-test”
(mgL™) (mgL™)
Proposed method Comparative method [3] Proposed method Comparative method [3]
1¢ 281 + 14 304+0 2.816 214 + 21 225+0 0.878
2¢ 736 +6 748 £ 0 2.959 585 + 31 599 + 0 0.758
3¢ 1202 + 41 1211 £ 1 0.393 918 + 72 908 + 0 0234
44 1009 + 77 976 + 15 0.628 356 + 33 339+3 0.805
54 1143 + 61 1154+ 1 0.302 434 + 36 443 + 7 0.363
6¢ 1049 + 30 1045 + 0 0.237 216 + 15 226 +5 1.106
74 1627 + 45 1630 + 8 0.131 338 +22 338 + 16 0.023

2 Average of three determinations.

b The critical value at the 95% confidence level and with two degrees of freedom was 4.303.

¢ Artificial urine samples.
4 Natural urine samples.
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Table 2

Comparison of parameters of the proposed and previously reported methodologies for the simultaneous determination of creatinine and uric acid.

Parameter Proposed method

Comparative method [3]

Organic solvent used -

Residue formation Solid (uPAD), incinerable

Sample preparation
(dilution and air bubbling)

Reagent mass used

Reagent volume 6 pL (aqueous solution)

Solvent volume -

Sample volume 10 uL

Analysis time 12.5 min/sample

Analysis cost Low cost

Simple, fast, cheap, no sophisticated instrumentation required

90 mg for CRN analysis and 195 mg for UA analysis

Methanol

Liquid, ~75 mL of methanol (75%)

Simple, expensive, sophisticated instrumentation required
(dilution, centrifugation, filtration)

~75 mL of methanol:H,0 (75:25)
20 pL

30 min/sample

Higher cost

concentration compensates for the urine volume [47], and also
avoids adulteration by dilution [42]. Therefore, in addition to the
number of pPADs described in the literature for glucose [22], pro-
tein [22], nitrite [23], aldehydes [24], beta-hydroxybutyrate [25],
uric acid [15], and cholesterol [26], with the proposed device, the
methods of clinical analysis are increased, making possible the
evaluation of several diseases in a single pPAD and compensating
the urine dilution.

The use of pPADs with colorimetric detection provides a simple,
portable, easy to use, eco-friendly, and inexpensive analytical test
for the determination of creatinine and uric acid. The platform is an
attractive alternative to the conventional chromatographic meth-
odologies used in the prevention and diagnosis of renal failure.
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