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We have prepared a microfluidic paper-based analytical device (LPAD) for the determination of cysteine and
homocysteine based on 1,5-diphenylcarbazide-capped silver nanoparticles. The ptPAD was developed to
identify and quantify the levels of cysteine and homocysteine. The proposed uPAD enabled the detection
of cysteine and homocysteine using a colorimetric reaction based on modified silver nanoparticles. The
color of the modified AgNPs in the test zone immediately changed after the addition of cysteine and
homocysteine. Based on this change, the quantification of these two amino acids was achieved using an
RGB color model and ImageJ software. Under optimized conditions, the proposed device enabled the
determination of cysteine in the 0.20-20.0 uM concentration range with a limit of detection (LOD) of
0.16 puM. In addition, the LOD of homocysteine was calculated to be 0.25 pM with a linear range of
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DO!: 10.1039/d0ra08615k 0.50-20.0 pM. In this work, we focused on the use of the uPAD for the analysis of a series of human

rsc.li/rsc-advances urine samples.

Introduction

The aminothiols, such as cysteine (Cys), homocysteine (Hcy),
and glutathione (GSH), play essential metabolic roles in physi-
ological and pathological processes. For example, Cys plays
a vital role in the structure of proteins, and their synthesis and
function.™* Cys can effect many functions including the normal
growth rate of hair, the growth rate in children, reduce the
effects of aging on the skin, liver health, and the growth of
muscle. In addition, Cys may help burn fat and increase muscle
mass.® Several studies have indicated that an abnormal level of
cysteine is directly linked to many diseases, including Parkin-
son's disease, Alzheimer's disease, and adverse pregnancy
outcomes.*?

Hcy is an intermediate generated during the synthesis of Cys
from the essential amino acid (methionine).® The level of Hecy
can be used to predict the rate of prevalence of heart disease,
apoplexy, and Alzheimer's disease, as well as acting as an
independent indicator of heart, brain, and peripheral vascular
diseases.”® In addition to the above-mentioned thiols, thiol
drugs such as p-penicillamine (p-PEN or Pena)® and tiopronin
(TP or Thiola),* are also widely used in clinical practice. The
quantitative detection of these drugs and their metabolites is
very important in related clinical research.
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Therefore, the detection of Cys and Hcy is very important. At
present, plenty of detection techniques have been explored to
detect biothiols, including high performance liquid chroma-
tography (HPLC),"* mass-spectrometry,’> chemiluminescence,*?
electrochemistry,” fluorescence spectroscopy,”>* capillary
electrophoresis,” gas chromatography (GC),"*** and so on.
Although these methods allow the sensitive detection of bio-
thiols, the complicated preparation process and expensive
instrumentation limits their application. Colorimetric sensing
strategies using plasmonic nanomaterials are usually based on
a change in the optical properties owing to changes in their
aggregation and morphology.”*** Colorimetric methods have
been successfully employed for the analysis of several analytes,
including metal ions and biothiols.?®

Microfluidic paper-based analytical devices (WPADs) have
grown rapidly over the past decade. In recent years, pPADs have
been developed for quantitative analysis and applied in medical
fields, healthcare and environmental monitoring. The main
purpose of fabricating uPADs is to provide a low-cost, simple
design and environmentally friendly analytical chemistry tool,
which is suitable for use in the field.***” Several methods have
been reported for the fabrication of pPADs including photoli-
thography,? wax printing,*” wet-etching,** and so on. In the wet-
etching method, trimethoxyoctadecylsilane-heptane (TMOS-
heptane) solution is used to create a hydrophilic-hydrophobic
pattern on filter paper. In this work, we used a wet-etching
method using siloxane solution to create hydrophobic walls
that aqueous solutions cannot easily cross. This method could
be used in any lab at a minimum cost.
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The fabrication of upPADs was developed using
diphenylcarbazide-capped silver nanoparticles. Diphenylcarba-
zide is an organic compound commonly used as an indicator for
titrating iron and for the colorimetric determination of Cr(vi).
Liu et al. have reported a colorimetric method for the detection
of Cr(vi) using gold nanoparticles (AuNPs) modified using the
reagent 1,5-diphenylcarbazide (DPC).** DPC has two amino
groups that may react on the surface of the nanoparticles
through hydrogen bonding interactions. In this work, we used
DPC as a selective ligand to modify silver nanoparticles for the
determination of Cys and Hcy in real samples.

Experimental

Reagents and materials

AgNOj;, NaBH,, DPC, triethoxymethylsilane (TEMS), NaHCO3,
Na,CO3;, ethanol, nitric acid (65%) and polyvinyl pyrrolidone
(PVP), were purchased from Merck (Darmstadt, Germany,
www.merck.com). Alanine (Ala), arginine (Arg), asparagine
(Asn), aspartic acid (Asp), cysteine (Cys), homocysteine (Hcy),
glutamic acid (Glu), glutamine (Gln), glycine (Gly), histidine
(His), isoleucine (Ile), leucine (Leu), lysine (Lys), methionine
(Met), phenylalanine (Phe), proline (Pro), serine (Ser), threonine
(Thr), tryptophan (Trp), tyrosine (Tyr), and valine (Val) were
purchased from Merck Company. Stock solutions of AgNO; and
NaBH, were prepared by dissolving a suitable amount of AgNO;
and NaBH, in deionized water. Doubly distilled deionized water
was used in all the experiments.

Apparatus

The UV-Vis absorption data were recorded on a DR5000 spec-
trophotometer (Hach, United States of America). A digital pH-
Meter (sension 378, Hach, U.S) was used for the pH
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measurements. All the photographs in the experiments were
taken using a Sony digital camera and mobile camera. All
captured images were analyzed with RGB values using the
image scientific software Image], ver.1.46r, developed by the
National Health Institute, USA (available at http:/
imagej.nih.gov/ij).

Synthesis of the modified silver nanoparticles

The AgNPs were prepared by reducing AgNO; with sodium
borohydride in aqueous solution by varying the concentration
of the reducing agent.*> A 5.0 mL solution of 1.0 mM silver
nitrate was added dropwise (about 1 drop per second) to 45 mL
of freshly prepared 0.06 M sodium borohydride solution that
had been chilled in an ice bath. The reaction mixture was stirred
vigorously on a magnetic stirrer plate for 20 min until the
solution turned light yellow. For the preparation of the DPC-
AgNPs, the AgNPs (50 mL) were incubated with 5.0 mL of
1.0 mM DPC aqueous solution under stirring at room temper-
ature for 1 h. The DPC-AgNPs were stored at 4 °C and remained
stable for 3 months.

Fabrication of pPADs

Scheme 1(A-C) shows the fabrication principles and process.
Firstly, a pattern designed using Coreldraw 2019 software was
printed onto a filter paper with a LaserJet printer (Canon i-
sensys LBP6030w). The pattern design was cut with a sharp
knife along the printed pattern on the filter paper (Scheme 1A).
The remaining mold was then immersed in a 10% (v/v) TEMS-
ethanol solution for 10 s. The TEMS-ethanol solution (10% (v/
v)) was used as a patterning agent for salinization of the
hydrophilic filter paper, it was removed and air dried for 1 min,
then it was heated at 100 °C for 1 h in an oven (Scheme 1B). After
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Scheme 1 A schematic diagram showing the fabrication of the uPADs.
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that, the hydrophobic pattern was returned to the original
location (Scheme 1C). As a result, a hydrophilic-hydrophobic
contrast was generated on the filter paper.

Results and discussion

Colorimetric detection of cysteine

The pH of the DPC-AgNPs was adjusted to 9.0 using carbonate/
bicarbonate (0.01 M) buffer solution using a pH meter. Then,
Cys and Hcy were added separately with concentrations ranging
from 0.20 to 25.0 pM and 0.50-20 pM, respectively. In the
presence of Cys and Hcy, the color of the solutions changed
from light yellow to pink during the 1 min incubation time. For
the UV-Vis spectra and microfluidic paper-based analytical
device measurements, the required sample volumes were
1.0 mL and 10 pL, respectively. Under the optimum experi-
mental conditions, the calibration curve was found to be linear
over the range of 0.20-25.0 uM for Cys with a detection limit of
0.14 uM (Fig. 1). Meanwhile, the calibration curve was found to
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be linear over the range of 0.50-20.0 uM for Hey with a detection
limit of 0.22 pM (Fig. 2).

A designed flower-shaped microfluidic paper-based analyt-
ical device (WPAD) was used for the Cys and Hcy assays. The
uWPAD consists of 8 channels, 8 detection zones and 1 central
unit. Fig. 3 shows an image of the Cys assay on the pPAD for the
standard samples. The procedure for Cys or Hcy sensing using
the pPAD is described as follows, 50 pL of DPC-AgNPs solution
was dropped into the middle of the hydrophilic central unit on
the WPAD. After that, 10 pL of the solutions at various concen-
tration of Cys or Hcy were added into the hydrophilic detection
zones separately. After drying, images of the uPADs were
captured using a Sony digital camera or mobile camera. All
captured images were analyzed using RGB values and Image]
1.461 software or a color picker app and then the mean gray
value for each test zone was determined. The yellow color of the
loaded pPADs gradually changed to a pink color upon the
addition of Cys or Hcy. The ratio of the color intensity of each
detection zone is related to the Cys or Hey concentration in the
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Fig. 2 Absorption spectra and absorption ratios (Asyg/395) of the DPC—-AgNPs solution after the addition of different concentrations of
homocysteine.
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Fig.3 The detection of Cys using DPC-AgNPs on the uPAD in the presence of different concentrations of Cys in the range of 0.20-20.0 uM and

the linear calibration of the color ratio versus log C.

Fig. 4 A TEM image of DPC-AgNPs and the size-range histogram.

solutions. The linear correlation of cysteine was obtained
between the RGB intensity ratio versus the log C in the range of
0.20-20.0 uM with a correlation coefficient (R*) of 0.98, and
a LOD of 0.16 uM for the pPAD (Fig. 3). In the case of Hcy,
a linear correlation was obtained in the range of 0.50-20 uM
with a correlation coefficient (R*) of 0.98, and a LOD of 0.25 pM.

The transmission electron microscopy (TEM) images and
histogram demonstrate the DPC-AgNPs are well-dispersed
(Fig. 4). As shown in the TEM image, the DPC-AgNPs are
spherical and well dispersed in the aqueous solution with an
average size of 8.2 £ 1.0 nm for n = 70. The TEM image of DPC-
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AgNPs in the presence of 10 uM Cys shows that the DPC-AgNPs
aggregated to form large particles (Fig. 5).

Selectivity of the DPC-AgNPs

The selectivity of the proposed platform was tested in aqueous
solutions with different types of ions. Solutions containing 20.0
uM Cys or Hey and 200 uM of other amino acids, including Ala,
Arg, Asn, Asp, Gln, Gly, Glu, His, Ile, Leu, Lys, Met, Phe, Pro, Thr,
Trp, Tyr, Val and Ser, were used as the target analytes. The
experiments were carried out in aqueous solution (Fig. 6) and
using the pPAD (Fig. 7). The novel pPAD were designed and used
for this purpose (LPAD had 10 points without any channels). As

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A TEM image of DPC—AgNPs in the presence of 10 pM Cys.

can be clearly seen in Fig. 6 and 7, the proposed method is
selective for the determination of Cys or Hcy, even at concentra-
tions that are 10 times lower than the other amino acids.
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This selectivity is due to the fact that DPC contains two
amino groups and one oxygen atom that can attach onto the
surface of the silver nanoparticles through two Ag-NH, and Ag-
O bonds, see Fig. S1 (ESIf).

The bonding status of DPC on the surface of the Ag nano-
particles was characterized using FT-IR spectroscopy and the
results are shown in Fig. S2.1 In the infrared spectra of DPC, the
strong peak at 1710 cm ™" is attributed to the C=O stretching
vibration. The peaks at 732, 796, 3097 and 3330 cm ' are
attributed to the wagging and stretching vibrations of the -NH
groups in DPC. When DPC was coated onto the surface of the
AgNPs, the carboxylic peak was shifted from 1710 to 1627 cm ™!
and the peaks of the amine groups expanded and disappeared.
A comparison of the two spectra of pure DPC and DPC-AgNPs
shows that the DPC has attached onto the AgNPs. The decrease
in the peak intensity of the C=O0 stretching bond and the shift
to 1616 cm™ ' may be due to the interaction of Cys with the DPC-
AgNPs. After the addition of Cys or Hcy, the nanoparticles
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Fig. 6 Absorption ratios (As»p/395) of DPC—-AgNPs with 20.0 uM Cys and 200 puM various amino acids at pH = 9.0.
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Fig. 7 Selectivity testing of the pPAD in the presence of Cys and Hcy (20.0 pM) and other amino acids (200 puM).
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Fig. 8 Results of Cys and Hcy detection in human urine samples using

the pPAD.
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become close to each other by a cross-linking mechanism
through the two hydrogen bonds of the COO™ and -NH, groups
and this induces the aggregation of the AgNPs (Fig. S2 in the
ESIT). The other amino acids that do not have sulfur atoms
cannot attach themselves to the nanoparticles and do not
induce any noticeable responses to DPC-AgNP.

Analysis of real samples

To show the efficiency of this colorimetric probe, the concen-
trations of Cys and Hcy were determined in human urine
samples. The urine samples were diluted with distilled water
prior to analysis to obtain similar concentrations of the matrix
compounds in all samples. The human urine samples were
spiked with known concentrations of Cys and Hcy at different
levels (Fig. 8).

The results are listed in Table 1. The results were obtained
before and after the addition of the same mixture of the Cys and
Hcy standards in equal volumes to the urine samples. Then, the
percentage recovery was calculated by comparison of the
results. For each test, two independent samples were used for
all procedures and each sample was analyzed three times. As
can be seen, the average recovery for the determination of Cys
and Hcy was very good for both methods (UV-Vis and puPADs).

Table 1 Recoveries of Cys and Hcy, with equal volumes added to human urine samples

Method Urine sample Added (uM) Found (uM) (n = 3) Recovery% Average% RSD (%) (n = 3)
UV-Vis spectroscopy 1 0.0 — — — —
(DR5000) 2.0 1.95, 2.06, 2.11 97.5, 103.0, 111.0 103.8 4.0
2 5.0 5.08, 5.27, 5.35 101.6, 105.4, 107.0 104.6 2.6
10.0 10.02, 10.17, 10.31 100.2, 101.7, 103.1 101.7 1.4
Proposed method 1 0.0 — — — —
(LPAD) 2.0 2.12,2.17, 2.30 106.0, 108.5, 115.0 109.8 4.2
2 5.0 5.05, 5.22, 5.40 101.0, 104.4, 108.0 104.5 3.3
10.0 10.05, 10.30, 10.48 100.5, 103.0, 104.8 102.7 2.1
Table 2 A comparison of different methods for the determination of cysteine and homocysteine
Method Nanomaterial Range (uM) LOD (uM) Ref.
Chemiluminescence Silver nanoclusters 0.005-1.0 0.0025 13
Fluorescence probe DEX-AgNPs 0.0-6.0 0.0016 16
UV-vis spectroscopy PVP-stabilized AgNPs 3.2-8.2 2.8 33
UV-vis spectroscopy Citrate-AgNPs 1.0-150 1.5 34
UV-vis spectroscopy Chitosan-AgNPs Cys: 0.5-10 Cys: 0.015 35
Hcy: 0.1-5.0 Hcy: 0.0846
UV-vis spectroscopy DNA-AuNPs 0.05-10 0.1 36
Colorimetry (near-infrared fluorescence) Copper complex 10-40 4.0 37
UV-vis spectroscopy DEX-AgNPs 100-1000 12.0 38
UV-vis spectroscopy PAN-Cu*" complex 2.25-42.91 38.0 39
UV-vis and PAD TMB-Ag* complex 4-290 2.46 40
UV-vis spectroscopy Chitosan-AuNPs 0.1-30 0.1 41
UV-vis spectroscopy DPC-AgNPs Cys: 0.2-25.0 Cys: 0.14 This work
Hey: 0.5-20 Hey: 0.22
WPAD smartphone DPC-AgNPs Cys: 0.2-20.0 Cys: 0.16 This work
Hey: 0.5-20 Hcy: 0.25
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Therefore, this pnPAD platform is suitable for quantifying Cys
and Hcy concentrations.

In Table 2, the analytical performances of this method were
compared with some of the previous methods used for the
determination of Cys and Hcy.'*'***"*! The results show that the
method has a lower LOD and a wider linear dynamic range than
the other reported methods. Also, this method has a broader
linear range and a shorter response time.

Conclusions

In the present study, a simple and sensitive colorimetric
method for the detection of Cys and Hcy was established. Silver
nanoparticles were synthesized via the reduction of AgNO; with
NaBH,, which were modified using DPC. As a novel platform,
DPC-AgNPs were used for the detection of trace amounts of Cys
and Hcy in the presence of different interfering amino acids.
The DPC-AgNPs solution exhibited high colorimetric selectivity
toward Cys and Hcy. The assay results indicated that the
aggregation of the colloidal solutions could be enhanced in the
presence of Cys or Hcy, displaying changes in the color and the
UV-vis absorbance spectra. The mechanism of aggregation is
based on the interaction of the donating groups of DPC with
these two amino thiols. Thus, an exceptionally simple and rapid
method for detecting Cys or Hcy was obtained. This method
shows good linearity between the absorbance ratio (4s5¢/395) and
the concentration of Cys and Hcy in the range of 0.20-25.0 uM
and 0.50-20.0 uM, respectively. The relative coefficient for both
of these is 0.99. Also, this mechanism could be successfully
used based on a uPAD in the linear range of 0.20-20.0 uM for
Cys and 0.50-20 uM for Hcy with a relative coefficient of 0.98.
The present method was successfully used to determine the
concentrations of Cys and Hcy in human urine samples. This
approach offers several advantages, including the rapid appli-
cation the method, easy detection of the end result by the naked
eye in the presence of different amino acids, and low cost, owing
to the use of simple instruments.
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