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A B S T R A C T

Herein, we report on a sensitive probe for colorimetric detection of uric acid based on the formation of Ag shell
on Au nanorods (Ag/AuNRs) in the presence of uric acid. Uric acid can reduce Ag+ to Ag atoms which deposit on
the surface of AuNRs and form Ag shell. As a result of this phenomenon, the dielectric environment around
AuNRs changes and the longitudinal surface plasmon resonance (SPR) peak of AuNRs blue-shifts, leading to the
change of solution color from purple to green. Based on these facts, a colorimetric sensor for the detection of uric
acid in the concentration range of 0.1–1.0 µM with a detection limit of 0.065 µM was developed. The method
was applied for analysis of uric acid in human plasma and urine samples with satisfactory results. The sensor can
be used for uric acid detection even with bare eyes.

1. Introduction

Uric acid (2,6,8-trihydroxypurine) is the main product of the cata-
bolism of the purine nucleosides, adenosine and guanosine. Besides,
purines from catabolism of dietary nucleic acid are directly converted
to uric acid. Most purine metabolism disorders stem from both hy-
pouricemias and hyperuricemias. When the concentration of uric acid
in plasma is greater than 7.0 mg/dL (0.42 mM) in men or greater than
6.0 mg/dL (0.36 mM) in women, hyperuricemia occurs. In clinical di-
agnosis, the plasma uric acid level is usually monitored for the in-
vestigation of gout, either as a result of primary hyperuricemia or
caused by other conditions or treatments that give rise to secondary
hyperuricemias. This analysis is also applied for examination of preg-
nancy-induced hypertension [1].

Several methods have been reported for the detection of uric acid
such as fluorescence [2–4] chromatography [5–7], electrochemical
methods [8–10], colorimetric assays and so on [11–20]. Among these,
colorimetric methods have advantages including rapidness, low cost
and simplicity in monitoring (even with naked eyes) for determination
of different species [21,22]. Recently, several colorimetric methods
have been designed based on noble metal nanoparticles with different
shapes, such as spherical nanoparticles (NPs) [23,24], nanostars [25],
nanopyramids [26] and nanorods [27,28], due to their strong localized
surface plasmon resonance (LSPR) peak in the visible region. LSPR
stems from the interaction of the incident light with conduction

electrons of the metal NPs, which produces the coherent localized
plasmon oscillations with a resonant frequency. A variety of parameters
such as the size, shape, composition, dielectric environment, and dis-
tance between NPs can influence on the intensity and frequency of the
plasmonic band [29]. Even though, the aggregation-based colorimetric
methods [22] have been developed much more than the non-aggrega-
tion based methods, nowadays the non-aggregation based sensors, in-
cluding those based on NP etching and growth, are also received tre-
mendous attention [21,30–33]. Anisotropic and bimetallic NPs are
more suitable for designing these kinds of sensors. Colorimetric probes
based on the gold nanorod (AuNRs), which have two LSPR bands, in-
dicate sharp color changes, so can be applied for sensitive determina-
tions. This fact results from the tunable longitudinal LSPR band from
the visible to NIR region which is obtained via varying the aspect ratios
of NRs [29]. Moreover, bimetallic nanoparticles including silver-coated
gold nanorods (Ag/AuNRs) can be applied as a substantial choice for
designing colorimetric methods because with changing the Ag shell
thickness around AuNRs, as a result of its growing [34–37] or etching
[38–40], the LSPR peak shifts and distinctive colors appear. However,
the colorimetric sensors based on the transformation AuNRs, despite of
their high potential to detect various species with high sensitivity and
selectivity, have rarely been reported.

Herein, we designed an enzyme-free colorimetric probe for the de-
termination of uric acid based on growing Ag nanoshell on the AuNRs
and applied it for monitoring uric acid in biological samples with

https://doi.org/10.1016/j.microc.2020.104642
Received 31 October 2019; Received in revised form 16 December 2019; Accepted 13 January 2020

⁎ Corresponding author.
E-mail address: amjadi@tabrizu.ac.ir (M. Amjadi).

Microchemical Journal 154 (2020) 104642

Available online 14 January 2020
0026-265X/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0026265X
https://www.elsevier.com/locate/microc
https://doi.org/10.1016/j.microc.2020.104642
https://doi.org/10.1016/j.microc.2020.104642
mailto:amjadi@tabrizu.ac.ir
https://doi.org/10.1016/j.microc.2020.104642
http://crossmark.crossref.org/dialog/?doi=10.1016/j.microc.2020.104642&domain=pdf


satisfactory results. This is a non-aggregation colorimetric probe in
which wavelength-variation sensing strategy was used for detection of
uric acid. This feature makes our method robust and suitable for bio-
logical analysis.

2. Experimental

2.1. Materials

Analytical reagent-grade chemicals were used throughout. Solutions
were prepared with ultra-pure water obtained from aqua MAX - Ultra
370 water purification system (Young Lin Instrument Co., Korea). Gold
(III) chloride trihytrate (HAuCl4•3H2O), glycine, sodium borohydride
(NaBH4), ascorbic acid and silver nitrate (AgNO3) were purchased from
Merck (Darmstadt, Germany). Cetyltrimethylammonium bromide
(CTAB) was obtained from Sigma. A uric acid stock solution was pre-
pared by dissolving an appropriate amount of uric acid (Merck) in a
minimum volume of 3 M sodium hydroxide (NaOH) and deionized
water.

2.2. Apparatus

UV–Vis absorption spectra were recorded on a Carry-100 double-
beam UV–Vis spectrophotometer with 1.0 cm quartz cells. Nanorods
were characterized by transmission electron microscopy (TEM, Philips
CM120, operated at 430 kV) and X-ray powder diffraction (XRD) pat-
terns (measured by a Siemens D 500 instrument, Germany).

2.3. Synthesis of AuNRs

AuNRs were synthesized by a method reported by Nikoobakht and
El-Sayed [41]. At first, the Au seed solution (small spherical AuNPs)
was prepared by adding CTAB (2.5 mL, 0.2 M) to HAuCl4 solution
(2.5 mL, 0.5 mM), and then adding the freshly prepared NaBH4 solution
(30 µL, 0.1 M) and vigorously stirring the mixture for 2 min. The color
of the obtained seed solution was yellowish-brown. This solution was
aged for 2 h before use. The growth solution including CTAB (5.0 mL,
0.2 M), HAuCl4 (4.0 mL, 0.001 M) and AgNO3 (60 mL, 0.004 M) was
also prepared by adding ascorbic acid (70 µL, 0.0788 M) with slowly
stirring. At last, 15 µL of Au seed was added to the growth solution and
the obtained mixture was incubated for 2 h at 37 °C.

2.4. General procedure for the determination of uric acid

50 µL of the prepared AuNRs was mixed with 50 µL of glycine buffer
solution (pH = 9.5, 0.1 M) in the centrifuge tube. Subsequently, dif-
ferent concentration of uric acid standard or sample solution was added
to the mixture. Then, 10 µL of AgNO3 (0.01 M) was also added and the

final volume was adjusted to 1.0 mL with ultrapure water. After in-
cubation at 40 °C for 2 min, the absorption spectrum of colloid solution
was recorded by spectrophotometer over the range of 400–900 nm.

2.5. Preparation of biological samples

To precipitate the plasma proteins, 2.0 mL acetonitrile was added to
500 µL of human plasma sample into a centrifuge tube. The obtained
mixture was centrifuged for 15 min at 4000 rpm. Then, the supernatant
was transferred into a 5.0-mL volumetric flask and diluted to the mark
with ultrapure water. A suitable amount of this solution was taken for
analysis according to the general procedure.

For urine samples, 100 µL of urine was transferred into a 100-mL
volumetric flask and diluted to the mark with ultrapure water. A sui-
table amount of this solution was taken for analysis according to the
general procedure.

3. Results and discussion

The prepared AuNRs were characterized by TEM image and UV–Vis
absorption spectra. As shown in Fig. 1(a), the average diameter and
length of AuNRs were 8 nm and 25 nm, respectively. The absorption
spectrum of AuNRs (Fig. 2) exhibited two characteristic peaks around
525 nm and 740 nm, corresponding to the transverse and longitudinal
plasmon oscillations, respectively.

3.1. Colorimetric assay

Our investigations indicated that in the presence of Ag+ and uric
acid as reducing agent, the color of AuNR solution changes from purple
to green and AuNR LSPR peak at 740 nm shifts to lower wavelengths
while no significant variation is observed in the position of the second
peak (525 nm). Uric acid (with redox potential of 0.47 V vs NHS at
pH ~ 9 [42]) can reduce Ag+ (with redox potential of 0.799 V) to Ag0

which deposits on the surface of AuNRs [34,35]. So, AuNRs are con-
verted into Ag/Au core-shell NRs. To confirm this assertion, we com-
pared TEM images of AuNRs in the presence and absence of uric acid
and Ag+. As can be seen in Fig. 1, the average diameter and length of
AuNRs in the presence of uric acid and Ag+ increased considerably. The
calculation of aspect ratio of NRs in the absence and presence of uric
acid indicated that in the presence of uric acid aspect ratio reduces from
3.1 to 2.5. This change can be attributed to the fact that Ag atoms tend
to deposit on the longer side of NRs [34]. To further confirm the for-
mation of Ag shell, we used its reaction with nitric acid. It is known that
nitric acid can just dissolve Ag shell but barely affect Au core [43].
Therefore, the effect of nitric acid was investigated on both AuNRs and
Ag/AuNRs. As shown in Fig. S1 (Electronic Supplementary Material),
the LSPR band of Ag/AuNRs red-shifted upon reaction with nitric acid

Fig. 1. TEM image of (a) AuNRs and (b) Ag/AuNRs.
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while no significant change was observed for LSPR peak of AuNRs. This
evidence verified that changes in the shape and aspect ratio of AuNRs
are related to the formation of Ag shell on AuNRs. Moreover, the
characteristic peaks of crystalline (111), (200), (220), and (311) planes
of Au and Ag (JCPDS file Nos. 01–1174 and 04–0783, respectively) can
be observed in the recorded XRD pattern (Fig. 2(b)). According to the
literature, due to the small mismatch in the lattices of Au and Ag
crystals, no clear difference can be observed between Au and Ag dif-
fraction angles in the XRD patterns of the Ag/Au core/shell nanos-
tructures [44]. It should be mentioned that with increasing the con-
centration of uric acid, the thickness of Ag layer on the AuNRs
increases, resulting in greater change in the dielectric environment
around AuNRs. As a result, the blue-shift for the LSPR peak at 740 nm
increases. The variation in the LSPR peak position and solution color is
proportional to the concentration of uric acid. Based on these facts, we
designed a colorimetric sensor for detection of uric acid in biological
samples. The overall principle of this sensor is shown in Scheme 1.

3.2. Optimization of assay conditions

In order to obtain the highest sensitivity for the assay, the effect of
parameters such as pH, buffer concentration, concentration of AgNO3,
amount of AuNRs, the reaction temperature and time was examined on
the analytical signal. The wavelength variation of AuNRs/ Ag+ in the
absence and presence of uric acid was applied as an analytical signal
(Δλ = λ0 − λ, where λ and λ0 represent the absorption wavelength in
the absence and presence of uric acid, respectively).

Since the reducing property of uric acid is improved in the alkaline
condition [45], the effect of pH of solution on the Δλ was studied in the

range of 8.0–10.5. The glycine buffer was used for pH adjustment be-
cause glycine can form a complex with Ag+ which keeps it from par-
ticipation with ions such as Cl−, Br−, OH− and so on. On the other
hand, since the charge of Ag+-glycine complex is negative, it can
readily adsorb on the surface of AuNRs with positive charge and fa-
cilitate the reduction of Ag+to Ag0 on the surface of AuNRs [46]. As
indicated in Fig. 3(A), the highest signal was obtained at pH=9.5. Due
to the formation of AgOH as well as aggregation of AuNRs, the Δλ
decreased at higher pH. The concentration of glycine was also opti-
mized. As can be seen in Fig. 3(B), the maximum signal was obtained
for 0.005 M glycine.

We also investigated the influence of the AgNO3 concentration in
the range of 0.01- 0.5 mM on the ∆λ of colorimetric system (Fig. 3(C)).
According to the results, the maximum signal was achieved with
0.1 mM, so this amount was chosen as the optimum concentration of
AgNO3 for the next experiments. With the increasing Ag+ concentra-
tion up to 0.1 mM the formation of Ag atoms increases and the thick-
ness of Ag layer on the AuNRs will also increase, resulting in an increase
in Δλ. However, at higher concentrations of Ag+, AgNPs (with SPR
peak around 400 nm) can also form and aggregate [47], so the analy-
tical signal was not favorable.

The other parameter which its effect on Δλ was examined is the
amount of AuNRs. As can be seen in Fig. 3(D), the analytical signal is
improved by decreasing the volume of AuNRs from 200 to 25 µL.
However, in the volumes less than 50 µL, the absorbance intensity
sharply dropped, so the Δλ measurement was difficult. Therefore, 50 µL
was chosen as the optimal volume in this study.

The influence of the reaction temperature on the ∆λ was also stu-
died (Fig. 3(E)). No variation in the wavelength was observed at am-
bient temperature which indicated that the reduction of Ag+ by uric
acid on the AuNR surface could not take place without heat. The
highest ∆λ was achieved at 40 °C. Decreasing in the signal at higher
temperatures can be attributed to the formation of AgNPs and de-
formation of AuNRs.

Finally, the effect of incubation time on the formation of Ag/AuNRs
was investigated at three concentrations of uric acid (Fig. 3(F)). We
observed that with increasing the incubation time, λ0 shifted to the
lower wavelength which resulted in the diminution of ∆λ. It can be
attributed to the reducing effect of ascorbic acid remained in the pre-
pared AuNRs which can reduce Ag+ to Ag0 [34,35]. Therefore, the
incubation time of 2 min was applied for further experiments.

3.3. Analytical performance of the colorimetric sensor

Under the mentioned optimum conditions, the effect of uric acid
concentration was studied on the signaling of designed sensor. With
increasing the concentration of uric acid, the reduction of Ag+ to Ag0

and so the thickness of the formed Ag shell on the AuNRs increased. As
a result of this phenomenon, the longitudinal LSPR peak of AuNRs blue-
shifted and the color of the solution changed from purple to green
(Fig. 4(a)). The wavelength variation was proportional to the uric acid
concentration. We found a linear relationship between the uric acid
concentration and ∆λ in the range of 0.1–1.0 µM with a detection limit
of 0.065 µM. The regression equation is Δλ = 22.11C + 16.11
(R2 = 0.9985), where Δλ = λ0 – λ is the difference between the wa-
velength of LSRP peak of AuNRs in the presence of uric acid (λ) and its
absence (λ0), and C is the concentration of uric acid in μM. The relative
standard deviation (RSD) was 2.7% for five replicate measurements of
uric acid.

To evaluate the selectivity of sensor, the effect of various species,
including ions and biomolecules which can be found in biological
fluids, was studied on the determination of uric acid. The tolerance
limits for interfering species in the relative error of <5% are presented
in Table 1. Most remarkable interference effects were observed for as-
corbic acid, glutathione, and cysteine. But the normal concentrations of
these species in plasma are respectively lower than 70 [48], 0.5 [49],

Fig. 2. (a) Absorption spectra of AuNRs in the absence and presence of uric
acid. Conditions: buffer (5 mM, pH = 9.5), AgNO3 (0.1 mM), AuNRs volume
(50 µL), temperature (40 °C), time (2 min) and uric acid 0.5 µM. (b) XRD
pattern of Ag/AuNRs.
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250 μM [50], which are lower than the normal plasma concentration of
uric acid. Moreover, the final concentrations of these species are below
their tolerance limits in our method. Glucose is another species with
relatively high concentration in plasma (around 7 mM in normal person
[51]), but it is much lower than the tolerance limit of our method.
Therefore, none of these species interferes with uric acid determination.
These results confirmed the suitable selectivity of the method for ana-
lysis of biological samples.

We also compared our developed method with some other pre-
viously reported methods (Table 2). The detection limit of this method
is comparable or superior to that of others. Furthermore, the synthesis
of AuNRs compared to the nanoparticles applied in other methods is
simpler and less time-consuming.

3.4. Analytical application

In order to investigate the applicability of the sensor for monitoring
uric acid in biological samples, we exploited it to measure uric acid
levels in the human plasma and urine samples. The results are reported
in Table 3. Moreover, the analysis of uric acid in spiked samples was
applied to evaluate the accuracy of the introduced method. Statistical
analysis of the obtained data by Student t-test indicated that there is no
significant difference between the found and added uric acid amounts
in the spiked samples, which confirmed the accuracy of the method.

Fig. 3. Optimization of experimental parameters. (A) Effect of pH; condition: AgNO3 (0.1 mM), AuNRs volume (50 µL), temperature (40 °C), time (2 min) and uric
acid 1 µM. (B) Effect of glycine concentration; pH (9.5), other conditions are as in A. (C) Effect of the AgNO3 concentration; glycine concentration (0.005 M), other
conditions are as in B. (D) Effect of Au NRs volume; conditions: AgNO3 (0.1 mM), other conditions are as in C. (E) Effect of reaction temperature on the ∆λ system;
conditions: AuNRs (50 µL) uric acid 0.5 µM, other conditions are as in D. (F) Effect of reaction time (a) 1.0 µM (b) 0.5 µM (c) 0.1 µM of uric acid; conditions:
temperature (40 °C) other conditions are as in E.
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4. Conclusions

In summary, a wavelength-variation colorimetric sensor was de-
signed for the detection of uric acid based on the formation of Ag shell
on AuNRs. Ag+ is reduced to Ag0 by uric acid, and the formed Ag0

deposits on the AuNRs which leads to the formation of Ag/AuNRs. As a
result, a blue-shift is observed in longitudinal LSPR band of AuNRs and
the color of the solution changes from purple to green. With increasing
the concentration of uric acid, the amount of blue-shift and solution
color variation increases. Based on these facts, a simple and sensitive
colorimetric method was developed for detection of uric acid in bio-
logical samples.

Fig. 4. (a) UV–vis absorption spectra of AuNRs-Ag+ with different concentration of uric acid; b) calibration curve for uric acid. Conditions: pH = 9.5 (buffer,
5.0 mM), AuNRs (50 µL), AgNO3 (0.1 mM), time (2 min) and T = 40°C.

Scheme 1. Principle of the developed sensor for uric acid.

Table 1
Tolerance limits of interferences in the determination of 0.5 µM uric acid.

Interfering species Tolerance limit

Inorganic species
NO3

−, Mg2+, K+, Na+ 1000
SO4

2−, Zn2+, Cl− 500
PO4

3−, Ca2+ 100
Cu2+ 15
Fe3+ 10
Organic species
Glycine, Lactose 1000
α-Alanine, Tryptophan, Sucrose 500
Glucose 125
Ascorbic acid, Glutathione, Cysteine 5
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Table 3
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