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Architecture of a multi-channel and easy-to-make
microfluidic paper-based colorimetric device
(LPCD) towards selective and sensitive recognition
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for the rapid and low-cost identification of
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Uric acid (UA) is the end product of purine metabolism. Uric acid is usually excreted in the urine, but its
abnormal increase and toxic amount can lead to diseases such as gout, hyperuricemia, Lesch—Nyhan
syndrome, and cardiovascular disease. On the other hand, UA reduction can lead to neurodegenerative
diseases such as sarcoma, glioblastoma, Hodgkin, and etc. Therefore, rapid identification of UA is of
great importance. In this work, a simple, portable, inexpensive, and fast microfluidic paper-based
colorimetric sensor based on the color change in the presence of UA by using AuNPs was developed.
The results can be easily identified with naked eye and further confirmed by UV-vis spectrophotometry.
In this method, iron pattern and fiberglass paper were used to construct diagnostic areas and hydrophilic
microfluidic channels. We greatly reduced the preparation time of this pattern using a magnet (about
three minutes). In this work, four types of nanoparticles with different lower limit of quantification
(LLOQ) were used. Linear range of 107 to 10~ M and LLOQ of 107 M were obtained for the
determination of uric acid using AuNPs—CysA as optical probe. Also, by AuNPs as optical probe a linear
range of 10~* to 1072 M and the obtained LLOQ was 10~* M. Finally, by AuNFs as optical probe linear
range from 107® to 1072 M and 5 x 107> to 1072 M along with LLOQ of 107® and 5 x 107> M,
respectively. The designed system successfully studied in human urine samples.

of the legs.> Measurement of uric acid is very important in
clinical trials. Diagnosis of uric acid is of particular importance

Uric acid (UA) is an organic compound of the elements carbon,
oxygen, nitrogen and hydrogen. UA is the end product of purine
nucleoside metabolism. Uric acid is mainly produced in the
liver and intestines and is excreted through the kidneys (two
thirds) and intestines (one third)."” Elevated uric acid can be
a sign of diseases such as cancer, alcohol consumption, over-
eating meat, obesity, or high blood triglycerides. Gout is
a complication of elevated uric acid caused by the deposition of
uric acid crystals in the joints of the body, especially the joints
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for the diagnosis of syndromes as well as its monitoring in
patients undergoing chemotherapy or radiation therapy.** The
standard concentration of UA in urine is 1.4 to 4.4 mM and in
serum 0.24 to 0.52 mM. Uric acid has usually excreted in the
urine, but its abnormal increase can lead to diseases such as
gout, hyperuricemia, Lesch-Nyhan syndrome, and cardiovas-
cular disease.® Many of these conditions depend on the diet and
lifestyle of patients.” Therefore, early awareness of excessive uric
acid highlights the demand for a cheap and simple system to
prevent recurrence by changing the diet. On the other hand,
reducing uric acid can lead to neurodegenerative diseases such
as sarcoma, glioblastoma, Hodgkin, etc. Therefore, rapid iden-
tification of UA is of great importance.*'* Common methods for
identifying UA were based on the uricase spectrometer, which is
the enzymatic oxidation of uric acid by oxygen to produce
carbon dioxide, allantoin, and hydrogen peroxide."* Other
common methods include chromatography and mass spec-
trometry.”” These methods have drawbacks such as the high
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cost and length of sample preparation.*® Also, one of the major
drawbacks of these methods is the use of blood serum, which
prevents rapid analysis. On the other hand, they require skilled
technicians to do the job and require expensive tools.*™*
Therefore, one of the urgent needs in the diagnostic field is the
design and construction of devices with the study of biochem-
ical processes in the human body for rapid and timely detection
of related diseases.” A biosensor is a device that uses specific
biochemical reactions, usually by specific enzymes, tissues or
cells, to electrically detect the chemical elements of the
substance, optical, or thermal detection.'® These sensors have
designed to react with only a specific substance. The result of
this reaction is the messages that a microprocessor can
analyze.” Sensors due to the unique features such as excellent
accuracy and sensitivity have been widely used in UA detec-
tion." Techniques and methods used in the detection of UA
include electrochemical methods,*>** fluorometry,” chem-
iluminescence,” surface Raman spectroscopy and colorim-
etry.”® One of the best methods is colorimetric methods, which
in addition to being simple, are also very cheap and can be
detect by naked eye.* In recent years, several colorimetric
biosensors have designed for UA detection.”****” Recently, the
integration of advanced biosensors on microfluidic substrates
has received much attention.”® Microfluidics system is made up
of channels with the size of tens to hundreds of micrometers
that can analyze small amounts of liquids. Microfluidics has an
excellent structure that allows them to be combined with
biosensors and increase their application and capability.>
These sensors can also be made on paper.*>*" Point of care
(POC) tests can provide physicians with important and good
information, and nowadays these tests are one of the promising
points for the use of biosensors.*” This system can be a good
tool in the rapid and timely diagnosis of diseases, but the
design and construction of new tools face serious challenges.*®
One of the major challenges in microfluid design is its small
and portable design and the use of a cheap and accessible
substrate without damaging the environment. Nowadays,
paper-based sensors have attracted the attention of researchers
due to their low cost, ease of movement and use, and great
biocompatibility.** These sensors are a great launching pad for
the simultaneous detection of multiple analytes.>® Due to its
hydrophilic nature, paper transfers liquids through its porous
structure.?® Various methods have used to create and construct
a specific pattern that has a hydrophobic and hydrophilic
region, such as laser therapy, wax printing, screen printing, and
poly dimethyl siloxane (PDMS).*”*® One of the best, simplest
and cheapest ways to design a pattern and make hydrophobic
microchannels on paper is to use liquid paraffin.*® Although
there is a lot of studies in the use of wax printing technology in
the detection of UA, which has good resistance to most chem-
ical compounds,*® paraffin is inexpensive and more accessible,
so paraffin is a better option.** Paper-based microfluidic
analyzers are a new generation of microfluidics that is very
simple with high flexibility and can be very suitable as
a disposable diagnostic kit.*»** So far, many analytical tech-
niques have been used in paper sensors, fluorescence, electro-
chemical detection, electrical conductivity, and colorimetry.**
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Martinez et al. proposed a paper-based biosensor using ELISA,
which used micro zone paper for measurement.** Chen et al.
designed a microfluidic paper-based colorimetric biosensor
that could be detected by the naked eye.*® This technique can be
employed in smartphones that have high analysis speed. These
methods have complexities such as high sample preparation
time and cost and low portability. Among these methods,
colorimetric detection had higher sensitivity and selectivity in
the manufacture of diagnostic kits, and their commercializa-
tion is more cost-effective.” Some colorimetric methods use
single nanoparticles (gold, platinum, silver, etc.). These nano-
particles have excellent physicochemical properties that can
improve the performance of biosensors.”® Among nano-
particles, gold nanoparticles (AuNPs) have high optical prop-
erties and biocompatibility.*” The target molecule causes the
accumulation of AuNPs and due to the accumulation of analyte
with this nanoparticle, discoloration occurs.*>** As the particle
size increases, their catalytic properties decrease, reducing the
surface-to-volume ratio.>

In this work, we designed a simple, portable, inexpensive
and fast microfluidic paper-based colorimetric biosensor based
on the color change in the presence of target UA. The results can
be easily identified with the naked eye and also proved by UV
spectroscopy. Recently, UV-based AuNPs spectroscopy methods
for sensitive and selective detection of target species in complex
matrices have attracted a lot of attention.**** AuNPs have
a small size, high electron density and excellent catalytic
performance, which are the most useful optical properties of
fluorescence quenching and surface plasmon intensification
(SPR).*® According to previous studies, AuNPs can be very useful
in identifying uric acid. Additionally, AuNPs are non-toxic and
stable against the light.>®* The AuNPs also have peroxidase-like
properties that can catalyze TMB (3,3',5,5'-tetramethylbenzi-
dine) reduction in the presence of H,0O, and increase the
sensitivity of the resulting dye.’”*® These nanoparticles have
high stability, high surface area and adjustable -catalytic
activity.* Uric acid changes color through the accumulation of
nanoparticles.®® Also, liquid paraffin and an iron pattern and
fiberglass and TLC papers used to make hydrophilic channels.
For easy transfer of the designed pattern on the surface of the
paper, paraffin-free paper and paraffin-immersed paper placed
in the middle of the magnet and the hot iron pattern. By
pressing between the iron and magnet pattern, microfluidic
hydro-fluid channels created. This method speeds up pattern
making (three minutes) on paper and reduces hand pressure.
The low requirements of the stamp tool and the disposable of
the microfluidic paper-based device make it possible to use for
commercial application in clinical samples analysis based on
POC. The designed system is very cheap, simple and portable.

The main innovation of this research work is the simulta-
neous use of several types of gold nanoparticles and showing
their strengths and weaknesses. It is important to point out
that, there is no report concerning the effect of size, morphology
and other physico-chemical properties of AuNPs on the detec-
tion of UA in real samples. So, in this study various type of
AuNPs were used for the colorimetric detection of UA in real
samples. It is important to point out that, there is no
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comparative study for the evaluation of various type of AuNPs
on the detection of UA by TMB/H,0, reduction process till now.
On the other hand, there is no report on the use of paper based
microfluid modified by AuNPs for the detection and determi-
nation of UA in real samples. Finally, one of the main strengths
of this work is the optimization of time and production of very
fast and inexpensive paper based microfluidic tool for the on-
site detection of UA in biomedical samples using POC.

2. Experimental

2.1. Chemical and reagents

3,3,5,5'-Tetramethylbenzidine (TMB), hydrogen peroxide, sodium
hydroxide, hydrogen chloride, chloroauric acid, cysteamine (CysA),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic ~ acid  (HEPES),
potassium carbonate, silver nitrate, sodium citrate, sodium boro-
hydride, cetyltrimethylammonium bromide (CTAB), ascorbic acid.
TLC paper, fiberglass paper, white paraffin candle.

2.2. Instrumentation

The optical examination was performed by UV-VIS spectropho-
tometer Shimadzu UV-1800 with a resolution of 1 nm. Energy
scattering spectroscopy (EDS) was employed to study chemical
elements. High-resolution field emission scanning electron
microscope (FE-SEM) Hitachi SU8020, Czech with a 3 kV effectual
voltage was employed for considering the morphology of electrode
surface. Dynamic light scattering (DLS) for zeta potential and size
distribution of synthesized nanoparticles was conducted by the
zeta potential instrument Malvern Instruments Ltd (Zetasizer Ver.
7.11, MAL1032660, England). AFM was achieved by Nanosurf (AG
Gréubernstrasse 12, 4410 Liestal, Switzerland) device.

2.3. Stock solution preparation

A mixture of TMB and methanol was prepared at 0.02 M H,0,
(in a volume ratio of 5:1) and added with synthesized gold
nanoparticles (in a volume ratio of 1 : 1). The color of the final
solution oxidized to bluish-green. For the control solution,
NaOH (0.01 N) has prepared with HCI (0.01 N), which treated
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Scheme 1 Schematic illustration of TMB redox reaction.
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with the combination. Saturated solution of UA (0.06 M) was
prepared in 0.01 (N) NaOH at room temperature. Different
concentrations of UA was also prepared using deionized water
for further investigation.

2.4. Universal process for detection of UA

In this work, different gold nanoparticles with different
morphologies were used to detect UA and the color redox
reactions of TMB used for UA analysis. The TMB solution is
initially colorless and oxidizes to bluish-green in the presence of
H,0,. The gold nanoparticles exhibits peroxidase-like catalytic
activity and their color is changed upon mixing with TMB in the
presence of H,0,. After adding UA to the oxidized TMB solution,
the TMB was reduced and the colorless solution produced
again. Color changes due to TMB redox reaction investigated by
UV-Vis spectrophotometry in different solutions (Scheme 1).

2.5. Preparation of paper-based microfluidic device

An inexpensive portable microfluidic device was designed and
built for colorimetric analysis to examine color changes on
paper as well as the effect of concentration on paper. For this
purpose, an iron pattern was designed using CorelDRAW soft-
ware. This pattern has 8 branches that create 8 hydrophilic
circular regions that have microfluidic channels 10 mm long
and 30 mm wide. These channels end in a central area that has
a diameter of 10 mm. The overall size of this pattern is 4 cm.
Fiberglass and TLC papers were used to create the pattern.
Melted paraffin was used to create a hydrophilic environment
and transfer the pattern to the paper. Creating a pattern on
paper required a lot of pressure and a long time, so for the first
time, a very strong magnet was used to prepare the paper bed in
the shortest time (about 3 minutes). In the first stage, the metal
pattern is placed at a temperature of 150 °C for 2 minutes, in the
second stage, the candle is placed at a temperature of 90 °C
until it melts completely and the paper is immersed in it for 30
seconds, in the third stage after drying complete paraffin paper,
paraffin-free paper is placed on the magnet and on it is placed
paraffin paper and on it is a hot iron pattern and after 15
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seconds we separate it. This allows the candle to penetrate the
paper texture and create hydrophilic channels on the paper that
are also hydrophobic around it. This system was used to detect
uric acid and capillary levels in ducts using a variety of gold
nanoparticles (Fig. S1 (see ESIt)) (Scheme 2).

2.6. Synthesis of nanoparticles (NPs)

2.6.1. Synthesis of AuNPs-CysA. First, 500 pL of 0.5 mM
HAuCl, was magnetically dissolved in 100 mL of deionized
water and heated until boiling point. Then, 5 mL of sodium
citrate (0.5 M) solution was added to the above solution until the
yellow color of the solution changed into wine-red, when the
created color remained the same, 20 pL of CysA (10™* M)
aqueous solution was added to 10 mL of above mixture slowly to
obtained CysA-AuNPs solution, The final color of the solution
was deep red, this solution can be stored at 4 °C for 2 months.

2.6.2. Synthesis of gold nano-flowers (AuNFs). According to
previous studies, pH can change the morphology of gold nano-
particles. For the aqueous colloidal AuNFs nanoparticle, 50 mL of
HAuCl, (50 mM) was mixed with 10 mL of distilled water on
a medium speed magnetic stirrer while stirring HEPES solution
(5 mM, pH = 6.15) was added to the above solution and stirring
was continued for 10 minutes. When the color of the solution
began to change, 100 microliters of potassium carbonate was
immediately added to the above mixture and the stirrer was
continued at a slower speed for up to 1 minute. Then, to investigate
the effect of pH on gold nanopatrticles, we repeated this synthesis,
this time changing the pH of HEPES to 4.19 and surprisingly found
that the color of the resulting nanoparticles is pink. Change in pH
in the synthesis of gold nanoparticles affects the performance of
the adsorption and oxidation process of citrate.

2.6.3. Gold nano-stars (GNSs) synthesis

Ag-seeds synthesis. In the first step, 156 uL of AgNO; (0.0163
M) and 250 pL of 0.005 sodium citrate (Na;CsH;0;) were added
in 10 ccs of deionized water, respectively. Then 400 pL of cold
NaBH, (0.04 M) added to the solution. The yellow color ob-
tained at a distance. This solution kept in a dark place for 2
hours.

Paper-based microfluidic

o

oets S J >
% TMB ¢
TS ; uA
L g Ho oS
oH' P

Ox TMB

Scheme 2 Schematic illustration of preparation of paper based
microfluidic sensor.
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Ag growth solution. To prepare gold nano-stars, 0.364 g of
CTAB was added to deionized water and stirred at 30 °C to
obtain a clear solution, then the temperature turned off and 60 pL
of AgNO3, 100 pL of 50 mM HAuCl, solution and 100 pL of 0.08 M
ascorbic acid solution added at intervals of 1 minute. After 20
seconds of stirring, 50 pL of silver seeds synthesized in the
previous step added. The prepared solution was mixed for 15
minutes and then keep at room temperature for 24 hours. The
color of the synthesized solution first turns sky blue and then
gradually turns brown. After 24 hours, crystals are formed that can
be placed at a temperature of 30 degrees and then centrifuged for
15 minutes at 3000 rpm and 5 minutes at 2500 rpm, respectively.
The colorless supernatant is separated and used.

3. Characterization

DLS detection from aggregation analysis provides several
advantages and limitations and processes higher sensitivity
than conventional colorimeter readings. DLS method, zeta
potential analysis used for zeta potential and nanocomposite
size distribution.®* Also, FE-SEM has been widely used to iden-
tify functional nanocomposites in biosensors.”> FE-SEM was
used in the present work to study the morphology of the
synthesized AuNPs. EDX spectroscopy is an analytical method
used to study the chemical properties and initial analysis of
a sample.®® Each element has a unique atomic structure, and
this principle is important in EDX, as well as the interaction of
a sample and the X-ray excitation source. TEM is a microscopic
technique in which an electron beam is transmitted through
a sample to create an image.** The image is made of the inter-
action of the sample and the electrons when the beam is
transmitted through the sample. The image is then focused and
magnified on an imaging device such as a photographic film
layer, a fluorescent screen or a sensor such as a spark plug with
a charger. TEM is capable of imaging with significantly higher
resolution than light microscopes and is used in several fields of
science, such as materials science and nanotechnology. AFM is
suitable for observing the structural changes of complex
nanostructures in solution and can be said to be the only
imaging technique that makes it possible to observe biological
compounds without labelling in three-dimensional resolution
and at high molecular speed.®

3.1. Characterization of AuNPs-CysA

As shown in Fig. S2 (see ESIf), FE-SEM imaging was used to
evaluate the morphology of AuNPs-CysA. As it turned out, the
spherical nanoparticles were evenly distributed. Preliminary
EDX analysis has also used to examine the elements. As shown
in Fig. S3 (see ESIf), the synthesis was successful, and S also
demonstrate the successful binding of cysteamine to AuNP. DLS
was used to measure the particle size distribution and charge.
The various magnifications obtained from TEM were shown in
Fig. S4 (see ESIf). As shown in Fig. S5 (see ESIt), the particle
distribution range of nanoparticles is 10-20 nm. Also, after
combining AuNPs-CysA and uric acid DLS was performed.
According to Fig. S4C,T as it is clear, the size of nanoparticles
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has increased to more than 1000 nm. According to the results, it
is clear that the interaction of uric acid and nanoprobes has
been successfully performed. The zeta potential is negative (—25
mvV). Saeb et al. have shown that particles with zeta potential
values greater than 30 mV or negative more than —30 mV have
good stability.*® Also, if the amount of zeta potential increases,
the aggregation decreases and the size of the nanoparticles
become larger.®” Also, the AFM technique was used for 3D
imaging. As shown in Fig. S6 (see ESIt). Spherical and white
particles of AuNPs are clearly visible on the surface, so this
method is a good way to measure the size of nanoparticles in all
three dimensions compared to other methods.

3.2. Characterization of AuNFs

According to Fig. S7 (see ESIt), in different synthesis conditions,
i.e. different pH, AuNFs have the same structure. In this study,
the EDC method also used to determine the percentage and
frequency of different elements, which was shown in Fig. S8 (see
ESIY). Also, to stabilize the successful synthesis and morphology
of nanoparticles, TEM imaging was used at different magnifi-
cations, as shown in Fig. S9 (see ESIT), the size of AuNFs is about
40 nm. Based on the obtained results from the DLS technique,
although the synthesized AuNFs have the same structure at
different pHs, their size was different, as shown in Fig. S10A and
B (see ESIf), when the pH was 6.15 the average size of AuNFs
was 100 nm while at pH 4.19 the nanoparticle size is 10 nm. It is
also shown in Fig. S11C and D7 these nanoparticles, after
combining with uric acid, are about 100 times larger in size,
confirming the interaction of uric acid and nanoparticles.
According to Fig. S10E and F (see ESI}), the zeta potential of
AuNFs at pH 6.15 was 23.9 mV and at pH 4.19 was 31.9 mV.
Therefore, pH plays an important role in the size and zeta
potential of nanoparticles. The AFM pictures of AuNFs also
show in Fig. S11 (see ESIt). At pH 6.15, the AuNFs provided
better images and were spread evenly across the surface,
possibly due to the stability of the AuNFs at different pHs.

3.3. Characterization of GNSs

Fig. S12 (see ESIT) shows the FE-SEM images of star-shaped
AuNPs that have an average size of 100 to 60 nm at different
magnifications. Also, in TEM imaging, nanoparticles are
observed in a completely stellar shape (Fig. S13 (see ESIt)). For
the study of smaller nanoparticles, we also used the DLS tech-
nique, which shows the micro to the nanoscale, because since
the DLS method depends on the interaction of light with
particles, it can be used to evaluate the particle size distribution,
especially in the range of 2-500 nm. The particle size distribu-
tion showed that the average particle size is 20 nm, and after
combining with uric acid, the size of nanoparticles has
increased to 430 nm (Fig. S14B (see ESIt)). The zeta potential
obtained is 42.6 mV, which indicates that this NPs have good
stability. Also, the AFM technique was used for 3D imaging. As
shown in Fig. S15 (see ESIt). AuNPs are a white spot peak and
are well visible in the figure, so it can be said that this method is
a good way to measure the size of nanoparticles in all three
dimensions compared to other methods.

27302 | RSC Adv, 2021, 1, 27298-27308
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4. Results and discussion

4.1. UV-Vis spectroscopic measurements

Initially, the UV-Vis method was used to monitor color change
for detection in the liquid phase. The UV-Vis sub-forums show
the synthesized NPs, the bluish-green TMB solution and the UA
solutions. No. 1 contains synthesized NPs, no. 2 is a combina-
tion of a mixture of UA and 50 pL of synthesized AuNPs, no. 3
contains 50 uL of bluish-green solution from TMB oxidation
and 50 uL of synthesized NPs, no. 4 is a combination of no. 3
and a mixture of NaOH and UA.

4.1.1. AuNPs-CysA. The absorption spectra of synthesized
AuNPs-CysA were recorded and analyzed in the presence of UA
and dye solution. We also repeated this method to record the
stability of the synthesized nanoparticles 1 hour later and to
record its images. In AuNPs-CysA synthesis, sodium citrate first
reduced and citrate ions act as a stabilizing and reducing agent.
In this reaction, citrate ions have negative charges that
surround the gold nanoparticles, resulting in a strong electro-
static repulsion that increases the stability of the synthesized
gold nanoparticles. The thiol-cysteamine group interacts with
the AuNP level via Au-S covalent bonds and stabilizes the amine
group, which can react with oxidized TMB and cause discolor-
ation that can also be seen by naked eye. It is attributed to the
interaction of CysA-AuNPs with TMB via CysA amino groups at
the AuNPs level and UA carboxylic groups, leading to the
accumulation of CysA-AuNPs.®®** In this study, AuNP-CysA
with 98 nm in size showed a maximum absorption wavelength
at around 520 nm. The color of this nanoparticle is turned into
blue in the presence of TMB. Therefore, the UV-Vis absorption
spectrum of the synthesized nanoparticles is different, as
shown in Fig. S16,t after adding uric acid due to the increase in
nanoparticle size, the adsorption intensity increases sharply to
2.6 and also the adsorption location 637 changes. An increment
in the particle dimension or decrement in the interparticle
spaces leads to a color change, and a redshift in the maximum
absorption wavelength. This significant change attributed to
the difference between the particle spacing and the particle size
of UA and CysA-AuNP. As mentioned previously, because TMB
interacts with AuNPs through thiol-gold interactions, nega-
tively charged amine groups have kept unbound on the surface
of CysA-AuNP, leading to repulsion between particles induced
by electrostatic repulsion of CysA-AuNP negative charges.
Therefore, the distance between CysA-AuNP particles may be
greater than AuNP. After adding TMB solution to the nano-
particles due to oxidation, the adsorption intensity decreases,
but after adding uric acid to the compound again, the adsorp-
tion intensity increases. After one hour, the adsorption intensity
of the nanoparticles did not change much, which indicates the
stability of the nanoparticles. However, the adsorption intensity
of uric acid and nanoparticles greatly reduced and a precipita-
tion was formed according to Fig. S16.1 Also, the adsorption
intensity of nanoparticles in the presence of uric acid and dye
solution decreases sharply after 1 hour due to oxidation.

4.1.2. GNSs. The absorption spectra of the synthesized GNS
were recorded and analyzed in the presence of UA and colorless

© 2021 The Author(s). Published by the Royal Society of Chemistry
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solution. This nanoparticle is colorless with no absorption
intensity. After adding uric acid, due to the increase in the size
of nanoparticles and the reduction of interparticle spaces, the
wavelength increases sharply and reaches 3 nm. There is no
change o the color of optical probe after addition of TMB. The
reason of happen is associated to no redox behaviour of TMB in
the presence of this type of AuNPs. In the final composition (4)
the adsorption intensity has increased to 3 nm, due to the
presence of UA and increasing the size of nanoparticles. We also
repeated this method to record the stability of the synthesized
nanoparticles 1 hour later and to record its images. Its
absorption spectrum is seen only in the presence of UA, which is
not stable at all after 1 hour. In short, this nanoparticle is not
suitable for the preparation of diagnostic kits, because it does
not show any color change and other nanoparticles have better
performance.

4.1.3. AuNFs. According to previous studies, pH can
change the morphology of gold nanoparticles.” For example, at
low concentrations of citrate due to the reduction of HAuCl,,
a network and wire-like structure are formed. A study showed by
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changing the pH, polyhedral oval and spherical nanoparticles
have formed that affect the citrate reduction process.” There-
fore, changing the pH affects the oxidation and adverse effects
of protons and citrate adsorption on the surface of gold nano-
particles. According to an important study, a change in pH can
affect the electrostatic interaction between particles, which play
an important role in the repulsion and gravity of the environ-
ment. In the synthesis of gold nanoparticles, a change in pH
affects the reduction performance of citrate.”»” In this work,
the absorption spectrum of the synthesized AuNFs repeated to
record the stability of the synthesized AuNFs, one hour later and
to capture their images. As shown in the figure, the UV-Vis
absorption spectra are different from the AuNFs synthesized
at pH, and the color of the nanoparticle's changes from red to
purple as the pH changes due to changes in citrate reduction
performance. Due to the adverse effect of protons on citrate
adsorption and citrate oxidation on the surface of gold nano-
particles. For AuNFs made at pH = 6.15 and 4.19, there are two
peaks at 550 and 540 nm. In both cases, UA precipitates in the
presence of nanoparticles, so the adsorption intensity is high in

. \
l
8

- ?

11u~

(A) UV-Vis absorption response of synthesized AuNPs in the mixture of UA and colorless solution and differential UV-Vis absorption

response after an hour. (B) Histogram of UV-Vis absorption response of synthesized AuNPs and after an hour. (C) Photographic image of

prepared AuNPs in the mixture of UA and colored solution.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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UA-containing compounds. AuNFs synthesized at different pHs
show different and maximum UV-Vis spectra. Also, it can be
said that electrostatic interactions change the properties of gold
nanoparticles. After adding TMB dye solution, AuNFs made in
various pHs, (pH = 6.15 and 4.91) color change and turn to
court blue and light blue, respectively. This also indicates TMB
oxidation, as mentioned above, the cause of this different color
in different pHs depends on the oxidation of the citrate on the
surface of the AuNPs. After adding uric acid to the composition
of TMB and AuNFs, TMB reduced and a colorless solution is
formed again with uric acid precipitate. The prepared
compounds do not have good stability after one hour because
the peak intensity decreases and as shown in the pictures, the
discoloration of the nanoparticles is quite obvious. Therefore,
these nanoparticles do not have good diagnostic power after 1
hour of preparation. The absorption spectrum of the synthe-
sized AuNFs in us was also repeated to record the stability of the
synthesized nanoparticles 1 hour later and to capture its
images. As shown in the Fig. 1, the UV-Vis absorption spectra
are different from the AuNFs synthesized at pH, and the color of
the nanoparticle's changes from red to purple as the pH
changes due to changes in citrate reduction performance. The
reason for this is the adverse effect of protons on citrate
adsorption and citrate oxidation on the surface of AuNFs. For
AuNFs made at pHs 6.15 and 4.19, there are two peaks at 550
and 540 nm, respectively. In both cases, UA precipitates in the
presence of nanoparticles, so the adsorption intensity is high in
UA-containing compounds. AuNFs synthesized at different pHs
show different and maximum UV-Vis spectra. Also, it can be
said that electrostatic interactions change the properties of gold
nanoparticles. After adding TMB dye solution, AuNFs made at
PHs 6.15 and 4.91 change color and turn into court blue and
light blue, respectively, which also indicates the oxidation of
TMB. As mentioned before, the cause of different color change
depends on the oxidation of the citrate on the surface of the
nanoparticles. After adding uric acid to the composition of TMB
and nanoparticles, TMB reduced and a colorless solution is
formed again with uric acid precipitate. The prepared
compounds do not have good stability after one hour because
the peak intensity decreases, as shown in the pictures, the
discoloration of the nanoparticles is quite obvious. Therefore,
these nanoparticles do not have good diagnostic power after
one hour of preparation.
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4.2. Effect of concentration of UA

The synthesized AuNPs examined in the presence of (AuNPs + TMB
+ H,0, + methanol) solution and different concentrations of UA
(0.000001 to 0.01 M) and the prepared solutions used to measure
the UV-Vis spectrum. In these experiments, a colorimetric method
performed to detect UA, using the peroxidase-like catalytic activity
of AuNPs. As shown in Fig. S16-S19 (see ESI), as the color
intensity of the solution decreases, the absorption intensity also
decreases, which is directly visible to the naked eye. There is also
a linear relationship between UV-Vis absorption and uric acid
concentration. The regression equation has also plotted for each of
the nanoparticles, which listed separately in Table S1 (see ESIf) of
the range of uric acid and LLOQ.

As shown in Table 1, although, AuNFs (pH = 4.91) and AuNPs-
CysA have the best LLOQ, which indicates a successful design of
colorimetric assay, AuNFs (pH = 4.91) has better performance and
linear range (10~° to 10> M). The LLOQ of colorimetric biosensor
based on AuNFs at pH = 6.15 for detection of UAwas 5 x 107> M
and the linear range was from 5 x 10> to 10~> M. GNSs has not
good presentation and their UV-Vis absorption was near zero.
These nanoparticle is not suitable for the preparation of diagnostic
kits, because it does not show any color change and other nano-
particles have better performance. Concentrations less than
10~* M could not be detected and the adsorption intensity was
zero at low concentrations. As shown in the images above, the
intensity of adsorption also decreases with decreasing concentra-
tion. So, in a nutshell, we can say that AuNFs (pH = 4.91) is the
most successful nanoparticle in this study (Table 1).

According to Table 1, the designed system has a high diag-
nostic limit and is much simpler and cheaper compared to
other studies, its detection and preparation time is much lower
than other proposed systems. One of the most important
features of the designed sensor is its portability, which can be
used as a simple and inexpensive diagnostic kit for easier use by
patients. Based on the obtained results, the dynamic recogni-
tion range is wider than these literature values. So, it is expected
the prepared sensor paves a novel way for subsequent works in
biological studies, and environmental safety test.

4.3. UV-Vis spectroscopic measurements in real sample

To evaluate the effect of uric acid concentration in the real
sample, a healthy urine sample used without any pretreatment.

Table 1 Evolution performance of the prepared sensor for the detection of uric acid in biological specimens

Analytical technique Reaction system Linear range (M) LLOQ-LOD (M) Ref.
Electrochemical Nafion/uricase/ferrocene/GCE 0.5-600 x 10~ ° 230 x 102 74
Electrochemical Uricase/Au-rGO/ITO 50-800 x 10~° 7.32 £0.21 x 10°° 75
Fluorescence/colorimetric N-CQDs/Ag TNPs-H,0, 0.1-45 x 10°° 0.05 x 10°° 76
Electrochemical UOXx/Fc/Cu,0/GCE 0.01-1 x 107° 0.0596 x 10~° 77
Colorimetry TMB/g-C;N,/uricase 10-100 x 10°° 8.9 x 10°° 78
Chemiluminescence TCPO-H,0,-rubrene 10-1000 x 10°° 5.0 x 10°° 79
Fluorescence/colorimetric AuNPs-CysA/TMB-H,0, 10 %to10°° 10°° This work

GNSs/TMB-H,0, 10 %to10°* 1074

AuNFs pH = 4.91/TMB-H,0, 10%to 10°° 10°°

AuNFs pH = 6.15/TMB-H,0, 107%>to5 x 107° 5% 107°

27304 | RSC Adv, 2021, 11, 27298-27308
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First, urine samples combined with known concentrations of
UA. In addition, UV-Vis spectrophotometry performed to
calculate its improvement and calculated according to the
response current with a standard calibration curve. Except for
AuNPs-CysA, which decreases with decreasing adsorption
intensity, the rest of the nanoparticles increase with decreasing
adsorption intensity, depending on the type of reaction
(Fig. S20-S23 (see ESIY)).

5. Paper-based colorimetric
detection of uric acid

Although UV-Vis spectrophotometric results are very suitable
for UA detection, their use is limited and can only be used in
laboratories. Paper-based microfluidics can be used to apply
and fabricate the kit as a tool to detect and determine the effect
of UA concentration change. In recent years various sensors
have been designed to increase the efficiency and recognition of
UA. Microfluidic paper-based sensors have been designed with
unique features. Recently, with the rapid development of
microfluidics in various fields such as chemistry and life
sciences, their integration with sensors promises a new way of
identifying different analytes. They have made significant
strides in this area.®® Also, they have great potential in identi-
fying and analyzing various analytes such as UA, which we hope
can become a commercial product in the future. Paper-based
microfluidic analyzers are a new generation of microfluidics
that are very simple and highly flexible. Paper-based micro-
fluidics can be used to apply and fabricate kits as a tool to
identify and determine the effect of UA concentration changes
in laboratories.*® The prepared paper-based template has micro-
channels that have a capillary flow and the liquid can pass
through it easily. So, it has a pump that makes it an attractive
layer for the detection of UA. On the other hand, paper is very
cheap, available, and portable. All this adds to the benefits of
the designed biosensor. The prepared microfluidic paper-based
biosensor was made in a small size, which has better advan-
tages compared to the old sensors, such as low material
consumption and easy sample transfer. Older systems require
complex and multi-stage tools that have limited use in some
areas. The designed microfluid can analyze several samples
simultaneously. In this work, to evaluate the performance of
papers, TLC and fiberglass paper were used, the results showed

A, B f
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Fig. 2 Photographic images of the TLC microfluidic paper-based
calorimetric sensor for reaction systems: (A) GNSs (zone 1-4) and
AuNPs—CysA (zone 1'-4'), (B) AuNFs pH = 4.91 (zone 1-4) and AuNFs
pH = 6.15 (zone 1'-4').

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Photographic images of the fiberglass microfluidic paper-
based calorimetric sensor for reaction systems: (A) AuNFs pH = 6.15
(zone 1-4 left) and AuNPs—CysA (zone 1-4 right), (B) GNSs (zone 1-4
left) and AuNFs (pH = 4.91) (zone 1-4 left).

that fiberglass paper has less friction due to better flow. So this
type of substrate used to investigate the detection of UA and its
determination (Fig. 5 and 6) which recorded one hour later fully
confirm this claim. Also, to evaluate the effect of UA concen-
tration in the urine sample on the prepared microfluidic
substrate, the prepared concentrations placed on the sensing
zones of the prepared paper. The results showed that proposed
platform can be used as a colorimetric kit for clinical analysis of
UA. To check the capillary power of the microchannel, 10 pL of
UA placed in the center of the prepared microfluidic paper-
based sensor and the compounds containing nanoparticles
and dye solution were placed in the assay area (Fig. 3).
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Fig. 4 (A) photographic images of the fiberglass microfluidic paper-
based calorimetric sensor for evaluation of capillary: AuNPs—CysA and
colored TMB solution and AuNPs—CysA (zone 1-1 and 2-1), AuNFs pH
= 6.15 and colored TMB solution and AuNFs pH = 6.15 (zone 1-2 and
2-2), AuNFs pH = 4.91 and colored TMB solution and AuNFs pH = 4.91
(zone 1-3 and 2-3), GNSs and colored TMB solution and GNSs (zone
1-4 and 2-4). (B) Colorimetric detection of UA by capillary method
under UV light.
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Fig.5 Photographic images of the fiberglass microfluidic paper-based calorimetric sensor in different concentration of UA: (A) AuNPs—CysA, (B)
AuNFs (pH = 6.15), (C) AuNFs (pH = 4.91), and (D) GNSs. Zones 1 to 7 contain concentrations of 0.00001, 0.00005, 0.0005, 0.0001, 0.005, 0.001,

and 0.01 M uric acids, respectively.
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Fig. 6 Photographic images of the fiberglass microfluidic paper-based calorimetric sensor in different concentration of UA in human urine
samples: (A) AuUNPs—CysA, (B) AuNFs (pH = 6.15), (C) AuNFs (pH = 4.91), and (D) GNSs. Zones 1 to 7 contain concentrations of 0.00001, 0.00005,

0.0005, 0.0001, 0.005, 0.001, and 0.01 M uric acids, respectively.

According to the results, the channels have good pumping
power. Hence, low friction and flow in microchannels are
appropriate, and over time, reaction systems and uric acid flow
into each other inside microfluid channels (Fig. 4). Therefore,
this technique can be used to design and fabricate microfluidic
paper-based colorimetric sensor to detect glucose, amino acids,
and so on (Fig. 2).

6. Conclusion

In this study, we developed a facile, portable, inexpensive and
fast microfluidic paper-based colorimetric sensor based on the
color change in the presence of target UA. The results can be
easily identified with the naked eye. In this research work,
different type of AuNPs with various morphologies were used to
detection of UA and the color change in the redox reaction of
TMB/H,0, was used for the analysis UA in real samples. Color
changes resulting from the redox reaction were investigated by
UV-Vis spectrophotometry in various solutions. The AuNPs
which used in this work have high stability, high surface area
and adjustable catalytic activity. Also, liquid paraffin and an
iron pattern and fiberglass and TLC papers were used to make
hydrophilic channels. The employed AuNPs have different
lower limit of quantification (LLOQ). AuNPs-CysA has a linear
range of 10™° to 10° M and the obtained LLOQ was 10 ° M.
GNSs have a linear range of 10 to 10> M and the obtained
LLOQ was 10~ * M. AuNFs at pHs of 4.91 and 6.15 have a linear
range from 10 ® to 107> M, and 10 >to 5 x 10> M, LLOQ 10~ °
and 5 x 107 M, respectively. The AuNFs with pH = 4.91
showed the best results. Also, GNSs have not shown suitable

27306 | RSC Adv, 2021, 11, 27298-27308

results. So, it is not a suitable nanoparticle for the preparation
of diagnostic kits. The designed system exhibited excellent
performance in detection of UA in real samples such as human
urine samples. Therefore, this system has high ability to be
applied as a powerful kit in clinical laboratories and has great
features to be commercialized.
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