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Citrate is currently considered a preferred biomarker for the early stage detection of prostate cancer. In the pres-
ent work, based on the highly efficient catalytic properties of gold nanoclusters, a novel system for optical deter-
mination of citrate was successfully established under optimized conditions. Cysteine-capped gold nanoclusters
(Cys-AuNCs) are shown to have an intrinsic peroxidase-mimetic activity. In the presence of H,0, Cys-AuNCs
nanostructures are able to catalyse the oxidation of 3,3',5,5’-tetramethylbenzidine (TMB) with high efficiency
to produce a blue dye (with an absorbance maximum at 650 nm). Citrate has carboxylic and hydroxyl groups

gf)};:lvzraféclusters that can bind with free amino and free carboxyl cysteine groups via hydrogen bonds, thus creating a coating
Citrate on the surface of the gold nanocluster and inhibiting the cluster oxidation activity. Accordingly, a visual, sensitive
Paper based and simple colorimetric method using Cys-AuNCs as peroxidase mimetic was developed for detecting citrate. A
Biomarker suitable linear relationship for citrate was obtained for the range of 0.5 to 1000 pM. The limit of detection (LOD) of
the proposed method was calculated as 0.1 uM and the relative standard deviation (RSD) was obtained to be less
than 4.0%. Moreover, the biosensor was used to perform a paper assay on a Y-shaped microfluidic device and
make use of the distinctive features of microchannels such as short response time, very low reagent volume re-
quired, low fabrication cost etc. A detection limit of 0.4 uM was achieved through the paper test and a good linear
range was observed between 1.0 pM-10 mM. The proposed method was further applied to citrate detection in

the human urine sample.
© 2018 Elsevier B.V. All rights reserved.
1. Introduction stages [1]. Citrate levels existing in the human serum have concentra-

Prostate cancer is among the most common diseases affecting not
only Western men but also men in most developing countries since
these countries have adapted to such way of living which prevent
them from a healthy diet. The fact that there have not been non-
invasive nor early stage warning procedures is considered as a serious
restriction in diagnosis. In clinical practice, the early diagnosis of pros-
tate cancer is the key factor in reducing mortality rates associated
with it; however, very few specific symptoms emerge in the early
stages. As a result of the highly specialized anatomical citrate function
inside the prostate gland, citrate is currently considered as a selective
biomarker for the diagnosis of prostate cancer. The drastic change in cit-
rate levels during the progression of prostate cancer provides a great
opportunity for the diagnosis of this type of cancer even in its earliest
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tions ranging from 0.06 to 0.14 mM. While, they average 25.4 to
28.9 mM in seminal fluid samples among healthy males. However,
these levels are so much lower for the people diagnosed with prostate
cancer. As a result, citrate is a viable early marker for prostate cancer di-
agnosis, providing important information for patient investigation in
clinical settings [2]. The estimation of citrate obtained either from pros-
tate or seminal fluid samples may not only be helpful in the investiga-
tion of early stage risks but can also be an indicator of the stage,
location, and tentative form of the malignancy. Furthermore, the esti-
mation of citrate level can be helpful in the other stages as well, such
as disease progression follow-up and regression of the malignancy.
Different analytical approaches, including ion-exchange chromatog-
raphy [3], HPLC-UV [4], HPLC potentiometry [5], Fluorimetry [6], spec-
trophotometry [7], chemiluminescence [8], potentiometry [9], mass
spectrometry [10], cyclic voltammetry [11], square wave voltammetry
[12], amperometry [13], magnetic resonance spectroscopy [14], have
been used so far, in order to detect citrate. Electrochemical sensors
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fabricated by modified electrodes are promising sensing systems to be
used as point-of-care diagnosis devices [15,16].

Although all of the aforementioned methods are sensitive, they need
expensive and sophisticated equipment, complicated sample prepara-
tion, while having time-consuming steps. Therefore, development of
new, sensitive, fast, and inexpensive methods is still of great importance
in detection of citrate. In comparison with the methods mentioned
above, the colorimetric methods are simpler and can be implemented
in real-time by even the naked eye or a simple spectrophotometer.
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Furthermore, the use of microfluidic paper-based analytical devices
(WPADs), which possess unique features including low fabrication cost,
simplicity, portability and passive movement of the fluids due to capil-
lary action, can be a novel breakthrough for fabrication of simple sens-
ing devices.

These promising platforms have shown great potential in the devel-
opment of point-of-care Diagnostics. This concept was first proposed by
the Whitesides group in 2007 and since then, a variety of methods have
been proposed to fabricate microchannels [17].
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Scheme 1. Principles of citrate detection using Cys-AuNCs as peroxidase mimic.
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Cellulose, the most abundant biopolymer on earth, is composed of a
network of hydrophilic cellulose fibers. Paper can be considered as a
natural cellulose porous microstructure making it a suitable platform
for lateral flow via capillary action. Since paper is a hydrophilic platform,
hydrophobic barriers are required to confine the fluid flow within a de-
sired section. A number of techniques, including photolithography, wax
printing, screen-printing, plasma treating, and laser treating have been
developed for the manufacture of hydrophobic barriers [17].

One of the most popular colorimetric sensing strategies is based on
the enzymatic transformation of chromogenic substrates, such as TMB
to form colorful products in the presence of H,0, [18-23]. Metal
nanoclusters show appropriate characteristics thanks to not only their
elaborate regulation in nanometer dimensions but also their excellent
biocompatibility and low toxicity [24-30] Moreover, in light of having
such characteristics as unique optical properties, good water solubility,
and excellent stability, the gold nanocluster has received more attention
in particular [31-35]. In fact, it has been found that TMB is catalyzed by
the gold nanocluster in the presence of H,0,, changing the solution
color to blue. Consequently, the inherent peroxidase-like activity of
such materials as gold nanoclusters is used in order to develop several
colorimetric methods. So far, the gold nanocluster peroxidase activity
has been used in the detection of certain molecules such as cysteine,
ions, and cancerous cells.

In this study, in order to detect citrate ions, which are used in the di-
agnosis of prostate cancer as well as determination of prostate tumor
stages, a novel colorimetric sensor has been developed based on gold
nanoclusters (Scheme 1). Despite the fact that the complex role of cit-
rate has not been fully established yet, citrate concentration in the sem-
inal fluid has been found to be proportional to that in the prostate fluid.
Hence, the estimation of citrate level has the potential to provide impor-
tant information, such as disease risk estimation, for patient assessment
in multiple clinical settings. It could also be used in early stage diagnosis
and prostate malignancy screening tests [36].

2. Experimental
2.1. Apparatus

In order to record the absorbance spectra, the UV-Vis tests were per-
formed by using a Perkin-Elmer lambda25 spectrometer. In addition, a
KYKY-EM3200 Transmission Electron Microscopy (TEM) was used to
obtain the size and morphology of the NCs.

2.2. Materials and Reagents

All chemicals were either of analytical grade or the highest available
quality. Chloroauric acid (HAuCl, 99.9%), Cysteine, and TMB were
purchased from Sigma Aldrich, while Sodium hydroxide (NaOH), hy-
drochloric acid (HCl) were purchased from Merck. In addition,
hydrogen peroxide (H,0,), citrate and other anions, Uric acid (UA), Glu-
tathione (GSH), Ascorbic acids (AA) and amino acids including Phenyl-
alanine (Phe), Asparagine (Asn), Histidine (His), Glutamine (Gln),
Proline (Pro), Tryptophan (Trp) and Tyrosine (Tyr) used in the selectiv-
ity test were purchased from Merck.

2.3. Synthesis of Cys-AuNCs

0.5 mL of a 0.01 M HAuCly solution was added to 1.0 mL of fresh Cys-
teine solution while the solution was being stirred leading to a milky
state. Afterwards, the resulting solution was kept under stirring in a
37 °C water bath overnight. The resulting solution was kept at 4 °C for
further use. The solution will be stable for 180 days if it is kept under
the aforementioned conditions.
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Fig. 1. (a) TEM image and (b) UV-Vis absorption (a) and fluorescence spectra (b) of Cys-
AuNCs.

2A4. Citrate Detection Using AuNCs as Peroxidase Mimic

A typical colorimetric analysis for citrate was conducted as follows.
First, 50 pL of AuNCs, 70 puL of TMB (10 mM) and 50 pL of H,0,
(10 mM) were added to 50 pL of citrate ions with different concentra-
tions (ranging from 0.5 pM-1000 pM). Next, the mixed solution was in-
cubated at room temperature for 10 min and finally, the resultant
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Fig. 2. (A) Different color changes and (B) UV-vis absorption spectra of different reaction
systems. (a) Cys-AuNCs-TMB- H,0,, (b) Citrate-Cys- AuUNCs-TMB- H,0,, (c¢) Cys-AuNCs -
TMB and (d) TMB- H,0,.
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Table 1

Performance stats of some of citrate colorimetric and fluorescence sensors reported in the literature.
Technique Interfaces and methods Detection limit (M) Linear range (M) References
Spectrophotometry Treatment of citrate with metal and K,Cr,0; - (4-30) x 107> [7]
Spectrophotometry Reduction of Fe>* by citrate upon irradiation with Visible or UV light 2.60 x 107° (5.21-6.25) x 107 [46]
Spectrophotometry Determination of citrate based on the use of citrate lyase and MDH 521x 1076 (5.21-104) x 107 [47]
Spectrophotometry Guanidinium Synthetic Receptor/Polyester substrate 483x107% (7.79-250) x 10~ [48]
Fluorimetry Heating a solution of citric acid and o-ATH - (2.60-364) x 107> [6]
Colorimetric Determination of citrate based on gold nanoclusters catalytic activity 1.0x 1077 50x1077-1x 1073 This work

DAP: 2,4-diaminophenol.
0-ATH: o-aminothiophenol.
MDH: malate dehydrogenase.

solution was used for both adsorption spectroscopy measurement and
paper test analysis.

2.5. Paper-based Microfluidic Biosensor Fabrication
The paper-based microfluidic device was fabricated by cutting the

Whatman filter No.1 with a CO, laser cutter engraver. In order to pre-
vent impurities, which could alter the results due to the interference

effect, papers were soaked in distilled water for 1 day after being cut.
Then, PVC sheets were used to prevent leaking from the bottom of the
channels and reduce the amount of reagent used in the sensing device.

To perform the sensing test, first, 3 pL of AuNCs was immobilized on
the two spot zones by simple physical adsorption on paper, carried out
by pouring AuNCs on the bare Whatman No.1 microfluidic platform and
was left to dry at room temperature. Afterwards, 3 piL of the citrate con-
taining sample was introduced to the right spot zone. In the end, after
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Fig. 4. Analytical results of the paper-based device; (a) Paper based microfluidic platform used for the detection of 1 mM citrate solution. (b) Different colors related to different
concentrations of citrate ion over the range of 1 uM to 10 mM (c) Detection on the paper-based platform linearly changes from 1 uM to 10 mM of citrate ion concentration.
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the paper was dried completely, 3 pL of both TMB (10 mM) and H,0,
(10 mM) were inserted from the entrance labeled at the bottom of the
WPAD. The color of the right side spot zone changed as soon as the mix-
ture of TMB and H,0, reached that area, with its color change distin-
guishable from the left side spot zone by naked eye. However, at very
low concentrations, it was difficult to ascertain the color change. Thus,
the Image ] software was used for quantitative analysis.

3. Results and Discussion
3.1. Characterization of the Cys-capped AuNCs

It has been shown by recent studies that a thiol group existing in cys-
teine, could result in a strong complex formation with metal ions. The
reason that these complexes were formed strongly was the ability of
the thiol group in stabilizing the as-synthesized metal NCs upon the
metal sulfur chemistry [37,38]. More evidence obtained by transmission
electron microscopy (TEM) indicated that orange emitting Cys-AuNCs
was formed. In addition, as can be seen in Fig. 1, the synthesized
AuNCs dispersion is very good and they have mostly a diameter be-
tween 4 and 6 nm. To characterize the optical properties of the Cys-
AuNCs, UV-Vis absorption and fluorescence spectra was carried out.
As shown in Fig. 1b the emission of Cys-CuNCs exhibited a peak at ap-
proximately 630 nm for 0.01 M concentration of Cys.

3.2. Peroxidase-like Activity of Cys-AuNCs

As can be seen in Fig. 2a, the oxidation of TMB by H,0, could be cat-
alyzed by Cys-AuNCs, resulting in a bright blue product as well as an in-
tense absorption peak at 650 nm in a certain period of time. As
expected, the oxidation of TMB in the presence of H,0, was very slow
(Fig. 2¢). As shown in Fig. 2c, TMB was colorless and displayed no absor-
bance in the presence of H,0,. However, the introduction of Cys-AuNCs
to the TMB - H,0, solution catalyzed the reaction, which demonstrates
the oxidase property of AuNCs (Fig. 2d). The solution exhibited a deep
blue color and a maximum absorption peak at around 650 nm, which
results from the oxidation products of TMB. The nanoclusters can
break up the 0O—O bond of H,0, and increase -OH Radicals. The -OH
radicals are highly oxidative so that they can easily oxidize the colorless
TMB. This result indicates that the Cys-AuNCs as the former BSA- AuNCs
[39,40], AuNCs [41], Au@Pd [42] and copper nanoclusters [43] behave
like peroxidase toward typical peroxidase substrates. The weak absorp-
tion was observed only in the case that citrate was added to the Cys-
AuNCs solution after introducing TMB and H,0, to the system
(Fig. 2b). These results were in agreement with the fact that citrate
can serve as an inhibitor of the peroxidase-like activity of Cys-AuNCs.

To determine whether the mixture of TMB, H,0, and Cys-AuNCs is a
good platform for citrate detection, the color change of this mixture was
investigated in the presence of citrate. As can be seen in Fig. 2, the absor-
bance spectra of the mixture decreased significantly as citrate was
added. The UV-vis spectra of Cys-AuNCs in the presence and absence
of citrate are shown in Fig.S1. In the presence of citrate anions, the typ-
ical absorbance of Au around of 450 nm is decreased, that can be be-
cause of the interaction of citrate anions and Cys-AuNCs. In addition,
the FT-IR spectroscopy of compounds was investigated to confirm the
attachment of citrate on the Cys-AuNCs surfaces. For citrate, the charac-
teristic bands (centre of gravity at 1417 cm~!) correspond to the sym-
metric stretching of —COO~, at 1592 cm ™! for the antisymmetric
stretching of —COO~, and at 3455 cm ™! due to stretching vibration of
—OH, are clearly shown in Fig. S2. When the citrate interacts with
Cys-AuNCs (Fig. S2 the antisymmetric stretching of COO~ at
1595 cm™! almost remain same but three new peaks (1331, 1379 and
1485 cm ™ ') appear on Cys-AuNCs, in addition to citrate, which are

symmetric stretching of —COO™ and can be due to the intramolecular
interaction between Cys-AuNCs and citrate. Also, A characteristic vibra-
tion ((=0) peak of COOH hydrogen bond at 1727 cm™ " is observed in
the Cys-AuNCs that with addition of citrate is shifted to 1720 cm™?,
which is assigned to the formation of intramolecular interaction. It can
be suggested that the hydrogen bonds between free carboxyl cysteine
groups and carboxylic and hydroxyl citrate groups creates a coating
on the surface of the gold nanocluster, thereby inhibiting cluster oxida-
tion activity [44,45]. This observation proves that this platform can be
applicable in citrate detection.

3.3. Optimization of Detection Conditions

It is clear that the reaction time and volume of gold nanocluster,
TMB, and hydrogen peroxide affect the analytical performance of the
sensing system. To accomplish optimal conditions, different volumes
of gold nanocluster, TMB, and hydrogen peroxide were utilized. First,
various amounts of gold nanocluster including 10, 30, 50, and 70 pL
were blended with TMB and hydrogen peroxide. After the resultant so-
lution remained at room temperature for 10 min, it was discovered that
the 50 pL gold nanocluster sample led to the highest responding peak.
Then, to find the optimal amount of TMB and H,0,, different volumes
of them (ranging from 10 to 70 pL) were used, and it was discovered
that 70 pL of TMB and 50 L of H,0;, led to the highest responding peaks.

In this work, the effect of time on the sensing system was assessed
since the reaction time is a significant factor in the colorimetric detec-
tion performance. It was found that up to 10 min, absorbance increased
with incubation time and started decreasing afterwards. A longer incu-
bation time allows more TMB molecules to react with H,0,, but it also
increases the duration of experiments. Therefore, the most appropriate
time of incubation was determined to be 10 min.

The effect of pH on biosensor performance was also investigated by
testing citrate solutions with different pH values (ranging from 4 to 8). It
was obtained that at the pH of 6, the nanocluster exhibits the best color
change after the addition of TMB and H,0,. By increasing the pH, H,0,
could decompose into H,0 and O, rather than -OH Radicals causing a
decline on oxidation of TMB which has been reported for other
nanomaterials with peroxidase-like activity.

3.4. Analytical Performance of the Peroxidase Mimetic Platform for Citrate
Detection

In order to assess the catalysis mechanism, different concentrations
of citrate were blended with Cys-AuNCs followed by the addition of
TMB and H,0,. It was observed that as the concentration of citrate in-
creased, the blue color intensity decreased (Fig. 3).

Here, the blueness of oxidized TMB diminished as citrate was intro-
duced, exhibiting the inhabitation impact of citrate on the oxidizing na-
ture of H,0,. By using this idea, a fast and simple colorimetric method
was developed in order to detect citrate, sensitively. The UV-visible
spectra and naked eye color change of 0oxTMB, which was catalyzed by
Cys-AuNCs in the presence of different concentrations of citrate (rang-
ing from 0.5-1000 uM), are depicted in Fig. 3. The values of absorbance
at 650 nm are plotted versus citrate concentrations in Fig. 3b, showing a
linear trend ranging from 0.5-1000 M. Moreover, the detection limit
and the correlation coefficient were calculated to be 0.1 uM and R* =
0.9859, respectively.

Different analytical devices using various spectroscopy methods
have been utilized so far for the detection of citrate ions. Table 1 com-
pares the result of these devices with our colorimetric method, showing
a better performance of our biosensor in terms of the dynamic linear
range and lower detection limit.

Fig. 5. Selectivity of the citrate biosensor against otherions (CN~, CI~, NO3, C03~, Br —, CHsC00~, PO3~, and CsHs03 ) (a), amino acids (His, Pro, Phe, GIn, Trp, Asn, Tyr and Citrate) (b) and
other biomolecule (AA, UA, GSH) (c) with the same cationic concentration (1000 uM)). (d) paper-based selectivity test.
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3.5. Analytical Performance of the Microfluidic Aptasensor on pM Device

Paper-based biosensors are good choices for assays, as they require
low sample volumes and shorter sensing procedure time. Therefore,
they are used for the detection of different targets. The paper-based bio-
sensor used in this research and its corresponding color change is
depicted in Fig. 4a. It can be seen that as the concentration of citrate in-
creases, the right spot color changes, and its whiteness gradually turns
into blueness. Hence, the blue intensity increases (detected by the
naked eye), owing to the hindrance effect of citrate. The Image J soft-
ware was used to measure the citrate level, quantitatively. As can be
seen in Fig. 4b, the biosensor shows a good linear range (y = 10.358 x
+ 114.66, R> = 0.9609) in the range of 1.0 pM-10 mM. In other
words as citrate concentration increases, the grey intensity of right
spot zone decreases. The detection limit of the biosensor was measured
to be 0.4 uM, Which was an acceptable one since the normal citrate con-
centration in urine samples is about 2 mM or less with men diagnosed
with prostate cancer [17].

3.6. Selectivity

One of the most important characteristics of a detection device is its
ability to detect the target selectively. To assess this, different anions, in-
cluding CN—, CI~,NO5",CO3~, Br —, CH5C00~, P03, and CgHs03 ™, were
tested both in the solution and on PPADs, in the same condition where
the citrate was tested. Fig. 5(a-d) shows that the addition of ions
other than citrate did not lead to a significant change in the blueness
of the solution. As shown in Fig. 5b, amino acids including Phe, Asn,
His, Gln, Pro, Trp and Tyr and other biomolecules (Fig. 5¢) such as AA,
UA did not cause obvious changes in absorbance of solution at 650 nm
except of GSH that has a slightly interference on this inhibition effect.
However, the citrate addition made the solution less blue implying
that our device is able to detect citrate ions selectively.

3.7. Application in Urine Analysis

In order to investigate the ability of the nano-biosensor in the detec-
tion of real samples, it was used to detect citrate in urine samples. To do
50, a healthy volunteer's fresh urine sample was used. First, the concen-
tration of citrate was determined through Lyase enzyme-colorimetric
method (data were provided by Noor Pathobiology Laboratory). After
that, four different concentrations of the citrate solution were made
out of the aforementioned urine sample. The samples were centrifuged
at 3000 rpm for 5 min, and the free supernatant was withdrawn by a pi-
pette. Afterwards, the supernatant was filtered by using a 0.2 um syringe
filter. In order to evaluate our method, a four-time diluted urine sample
was introduced to the biosensor.

For each sample, citrate concentration was calculated by both the
Cys-AuNCs biosensor and Lyase enzyme-colorimetric method
(Table 2). As can be seen, the recovery of the present biosensor, ranging
from 86.0% to 98.0% (n = 3), shows a satisfactory result. The results
show that citrate presence can be precisely detected, meaning that
our method is applicable for detection of complex biological samples.

By comparing the aforementioned results, it is obvious that our sens-
ing device can be applied practically to detect citrate in biological

Table 2
Analytical results for citrate in human urine samples using the proposed method and the
Lyase enzyme-colorimetric method.

Sample Lyase enzyme- Cys-AuNCs Recovery
colorimetric biosensor (%)
method (uM) (uM)

1 100 86.0 (£1.2) 86.0

2 500 450.0 (+6.0) 90.0

3 1000 880.0 (£8.0) 88.0

4 5000 4900.0 (+10.0) 98.0

samples (Table 2). The price and simplicity of a portable sensor should
be considered in fabrication steps. Although the nanocluster or multi-
factor dependent process raises the cost of the system, its sensitivity is
another factor that should be taken into account. In fact, although
some of the methods reported by other researchers have achieved low
detection limits, our device has such a low detection limit that it can de-
tect normal thresholds of citrate in all biological fluids, such as urine, at
much lower costs.

4. Conclusion

In summary, we have demonstrated a simple, convenient, and sensi-
tive strategy for the detection of citrate with the naked eye, both in so-
lutions and on pPADs. One of the most prominent features of this
sensing system is that the Cys-AuNCs were directly used to detect cit-
rate ions without modification. The second significant feature of this
study is that a novel paper-based colorimetric method for ultrasensitive
detection of citrate ions was developed, which induced a color change of
the tested solution from blue to colorless. This method presents good
sensitivity and appears to be a promising device for practical
applications.
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