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Colorimetric Sensor for Thiocyanate Based on Anti-aggregation of
Gold Nanoparticles in the Presence of 2-Aminopyridine
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Based on the anti-aggregation mechanism of citrate stabilized gold nanoparticle (AuNPs), a new specific and sensitive
colorimetric sensor for thiocyanate (SCN-) was developed. In this scheme, the AuNPs were aggregated in the presence
of the aggregating agent 2-aminopyridine (2-AP) due to electrostatic attraction. The solution color changed from red to
blue. When SCN- was present, SCN- formed a sulfur-gold bond with the AuNPs to protect the AuNPs from aggregation.
Thiocyanate can be detected by the color change of the solution from blue to red. The results showed that the absorbance
ratio Ae7s/Aszo was linear with the concentration of SCN- in the range of 0.4 - 1.2 umol L-! by UV-Vis spectroscopy. The
limit of detection (LOD) of this assay was 0.37 umol L-'. The system also had excellent selectivity and anti-interference
ability. In addition, this method was successfully used for the detection of SCN- in actual water samples and achieved
good results.
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or complex processes for the functionalization of the AuNPs.2

Introduction

As an important chemical substance, thiocyanate (SCN-) is
widely used in medicine, dying, photography and other fields.
Thiocyanate can be converted to cyanide, which is harmful to
humans and the environment. Thiocyanate also affects the
absorption of iodine by the human thyroid gland. Therefore, the
detection of SCN- is of great significance. At present,
conventional methods, such as colorimetry,! atomic absorption
spectrometry,> flow injection analysis,> electrochemistry,*¢
chromatography/mass spectrometry,’ ion mobility spectrometry,
electrophoresis,’ fluorimetry,!° double-valve sequential injection
analysis!' and surface enhanced Raman scattering (SERS),?
have been used to measure SCN- with high sensitivity and
accuracy. However, these measures have many problems, such
as complicated instruments, difficult operation and long
procedural time. It is still relevant to find a quick and easy
method to detect SCN-.

In recent years, colorimetric sensors have received more and
more attention due to their simplicity, low cost and high
sensitivity.!*!> The gold nanoparticle (AuNP) sensors are an
important colorimetric analysis method, which can be visually
observed and stabilized due to changes in its color.'®? The
AuNPs in the dispersed state are wine red, but blue in the
aggregate state. So far, some articles based on AuNP
colorimetric sensors for SCN- detection have been reported.?'
However, these methods require a relatively long reaction time
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Therefore, it is necessary to develop a simple and convenient
AuNP colorimetric sensor to detect SCN-.

Here, we proposed a simple and stable detection system. The
sensor was based on the anti-aggregation mechanism of citrate
stabilized AuNPs to detect SCN-.228 Tt was found that many
substances can interact with AuNPs through electrostatic
interactions.?>  But it will take a lot of time.>*? In our
experiments, it was found that when 2-AP is used, SCN- can be
detected in a short time. Therefore, 2-AP was used as the
aggregating agent on the colorimetric sensor. In the absence of
SCN-, 2-aminopyridine (2-AP) was added to the AuNP solution,
and the AuNPs were aggregated due to their electrostatic action.

@ scN

~r > 2-AP

'/’ AuNPs

Scheme 1 Mechanism of the colorimetric assay for SCN- based on
anti-aggregation of AuNPs.
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However, when SCN- was present, the formation of sulfur-gold
bonds protected the AuNPs from aggregation.?'** Therefore, the
AuNPs were restored to a stable state. The detection mechanism
of the colorimetric sensor is shown in Scheme 1. The absorbance
of the sample was measured by UV-Vis spectroscopy. In
addition, we have confirmed the potential application value of
this sensor in actual water samples.

Experimental

Reagents and chemicals

Trisodium citrate dihydrate (CsHsNazO;-2H,0O) was purchased
from Tianjin Guangfu Fine Chemical Research Institute.
Tris(hydroxymethyl)aminomethane was bought from Sinopharm
Chemical Reagent Co. Ltd (Beijing, China). Chloroauric acid
(HAuCly;) was obtained from Sak Chemical Technology
Shanghai Co. Ltd. All other reagents were of analytical grade
and were used without further purification.

Apparatus

Absorption spectra were recorded using an UV-3100 UV-
VISNIR (Shimadzu, Japan). The particle size was analyzed
using a Nano ZS90 laser particle analyzer (Malvern Instruments, UK).

Fabrication of AuNPs

The AuNPs were prepared according to the well-known
method of citrate reduction of HAuCl,.>3! The glass instruments
in the synthesis process were washed with aqua regia (HCI/HNO;
= 3:1 (v/v)), and then were washed with deionized water. In a
round bottle equipped with a reflux condenser, 100 mL of
aqueous HAuCl, (1.0 mmol L-') was heated to boiling and then
10 mL trisodium citrate (38.8 mmol L') was added to the
solution and was stirred for 30 min. During this process, the
color of the solution changed from yellow to black and then to
wine red. The solution was cooled to room temperature, passed
through a 0.22-pm filter and stored at 4°C. The concentration
of AuNPs was approximately 8.3 nmol L-!, which was
calculated by Lambert Beer’s law (extinction coefficient is
2.78 x 108 (mol L)' em™).3233 The average diameter of AuNPs
prepared was about 21 nm, which was further confirmed by DLS.

Colorimetric sensing of SCN-

All the substances involved in the test were in aqueous
solution.  First, 200 uL. of 0.04 mol L' (pH 7.0) Tris-HCl
buffer solution containing different concentrations of SCN- and
50 uL of 3 mmol L' 2-AP were added into deionized water and
make up to a volume of 2800 uL. Then 200 uL AuNPs solution
was added to the above solution. Finally, the absorbance at 520
and 675 nm were measured.

Thiocyanate detection in tap water

In order to detect SCN- in tap water samples, we obtained tap
water from the laboratory. After the tap water was passed
through a 0.22-pm filter, different concentrations of SCN- were
added, followed by 200 puL of 0.04 mol L' (pH 7.0) Tris-HCl
buffer solution and 50 UL of 3 mmol L-! 2-AP. Then the tap
water was made up to a volume of 2800 and 200 UL AuNP
solution was added to the above solution.

Results and Discussion

Mechanism of the sensor
The mechanism of the colorimetric sensor for detecting SCN-
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is shown in Scheme 1. In the aqueous solution, the AuNPs were
well dispersed due to strong electrostatic repulsion between the
negatively charged citrate ions on the surface of the AuNPs.
The color of the solution was red. In the presence of aggregating
agent 2-AP, which had a positive charge due to the protonation
of 2-AP, the AuNPs were strongly aggregated due to the action
of static electricity. The color of the solution changed from red
to blue. It was noted that 2-AP and SCN- exhibited a competitive
relationship to the AuNPs, and SCN- exhibits a stronger binding
force than 2-AP. With both of them presented in the solution,
SCN- can protect the AuNPs from being aggregated by 2-AP.
Therefore, we provided a colorimetric sensor that can detect
SCN- specifically and quickly based on the anti-aggregation
mechanism of AuNPs.

To further verify the reaction mechanism, TEM and DLS were
explored. Figure 1A-(1) shows a TEM of the AuNPs reduced
by citrate, and it can be seen that the AuNPs with dispersed state
were successfully synthesized. After the addition of 2-AP, the
AuNPs exhibited an aggregate state, as shown in Fig. 1A-(2),
demonstrating that the aggregation of the AuNPs was due to
2-AP. When SCN- was present, SCN- inhibits the aggregation
of AuNPs by 2-AP, as shown in Fig. 1A-(3). In addition, DLS
provided specific particle size values, as shown in Fig. 1B.

Figure 2 displays the UV-Vis absorption spectra of AuNPs in
the presence or absence of SCN-. The UV-Vis absorption
spectra of the AuNP solution had a maximum absorbance at
520 nm. After the addition of 2-AP, the absorption peak of
AuNPs was red-shifted. The absorbance at 520 nm decreased,
and a new absorption peak at 675 nm indicated that AuNPs
were heavily aggregated. When SCN- is present, the UV-Vis
absorption spectra were restored because the formation of the
sulfur-gold bond protected the stable state of the AuNPs.
Therefore, it can be concluded that the probe can specifically
detect SCN-.

Optimum assay conditions
2-AP concentration. It is important to find the optimal 2-AP
concentration for AuNP aggregation. The concentration of
2-AP was optimized from 0 to 100 umol L. As shown in
Fig. 3, the absorbance ratio Ags/As increased with the
increasing of 2-AP concentration, indexing that the addition of
2-AP promoted AuNP aggregation. When 1 pmol L' SCN- is
present, the absorbance ratio does not change much with the
amount of 2-AP. This phenomenon indicates that SCN- can
inhibit the aggregation of AuNPs. To obtain high sensitivity,
the 2-AP concentration of 50 umol L' was selected for further
investigations.
Effect of pH and buffer solutions. The effect of pH on the
absorbance ratio of As75/Asy was studied by adding different pH
buffers. As shown in Fig. 4A, it was observed that when SCN-
is absent, the pH has little effect on the AuNP aggregation by
2-AP in the range of 3-11. When 1 umol L' SCN- was
present, the AuNPs were still in a stable state. The response
was the most pronounced under acidic, neutral and weak basic
conditions, so pH 7.0 was chosen as the condition for this study.
The effects of different buffer solutions on the color sensor
were explored. Figure 4B shows that the absorbance ratio of
Ag75/Aszo was hardly changed with various buffer solutions in pH
7.00. However, it can be seen that the use of Tris-HCL is
slightly better than other buffering reagents. Therefore, the
experiment used Tris-HCI buffer solution throughout.
Stability. The stability of the colorimetric sensor is very
important in its application. As shown in Fig. S1 (Supporting
Information), the values of Ag7s/Asy for both AuNPs + 2-AP and
AuNPs + 2-AP + SCN- were almost constant after 3 months.
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Fig. 2 UV-Vis absorption spectra of AuNPs (black), in the presence
of 2-AP (red), in the presence of both 2-AP and 1 umol L-' SCN- (blue).

Therefore, it was determined that the colorimetric sensor has
good stability for at least three months.

Selectivity. The selectivity of this assay toward SCN- was
studied by adding environmentally relevant anions and metal
ions (SO4*, Ac-, NOs-, NO;-, F, CI, I, ClO-, HPO4*, HCOs",
PO, H,PO4, K*, Ca?*, Na*, Mg?, Mn?**, and Cr*). It can be
seen from Fig. 5A that other ions have no effect on the detection
of SCN-. When SCN- is absent, the solution is blue. When
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Fig. 3 Effects of different concentrations (0- 100 umol L") of
aggregating agents on the AuNP absorbance ratio (A¢75/Asx)-

SCN- is present, the color of the solution is red (Fig. 5B). This
indicated that other ions have no ability to restrict the AuNP
aggregation by 2-AP except for SCN-. Therefore, it was deemed
that the colorimetric sensor has good selectivity and anti-
interference ability.

Linearity in detecting SCN-
Under the optimum experimental conditions, the sensitivity of
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(concentration, 0.04 mol L-'; pH, 7.0) on the ratio of Ae75/As2.
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Fig. 5 Absorbance ratios Ags/Asz of AuNPs (A) and color of solution (B) containing 1 umol L™
different ions (SO4*, Ac", NO;s-, NO,-, F-, CI, I, C1O0-, HPO,*>, HCOj5-, PO, H,PO,-, K*, Ca**, Na*,
Mg, Mn?, and Cr**) in pH 7.0 Tris-HCl buffer solution. “blk” stands for “AuNPs + 2-AP”. “SCN-"

stands for “AuNPs + 2-AP + 1 pmol L' SCN-".
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Fig. 6 Absorption spectra (A) and the ratio Ae7s/Asz0 (B) of the AuNP-based detection systems with
different concentrations (0.4 - 1.2 umol L") of SCN-.

colorimetric sensors for SCN- was explored. As shown in
Fig. 6A, with gradually increasing concentrations of SCN-, the
absorbance at 520 nm increased, and the absorbance at 675 nm
decreased. These results showed that the presence of SCN- can
effectively inhibit the aggregation of AuNPs by 2-AP. In
addition, when the concentration of SCN- increased from 0.4 to
1.2 umol L', the absorbance ratio Ae7s/Asz0 decreased linearly,

and the regression equation was y =-1.49604x + 2.00212,
where y was the absorbance ratio Ae;s/Asy and x was the SCN-
concentration, R?> =0.994 (Fig. 6B). The LOD calculated in
this experiment was 0.37 wumol L' (S/N =3) (calculation
process is described in Supporting Information).* The results
illustrated that the Aers/Asy ratio was linearly related to the
SCN- concentration within the range of 0.4 - 1.2 umol L.
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Table 1 Analytical results of the determination of SCN- in tap
water samples (n = 3)
Sample Added/ Found/ Recovery, RSD,
P pmol L-! pmol L-! %o %
Tap water 0.40 0.42 105.48
0.50 0.49 98.52 4.60
0.60 0.62 102.90 2.57

Therefore, the AuNP anti-aggregation colorimetric sensors can
be used to detect SCN- quantitively.

In addition, this method was also compared with other AuNP-
based colorimetric sensors for SCN-. As shown in Table S2
(Supporting Information), the LOD and the linear range of this
sensor are as good as those of other sensors. Compared with
other colorimetric sensors, the biggest advantage of this sensor
is time saving. The short time needed for detection will allow
for wider use of this colorimetric sensor.

Thiocyanate detection in tap water

The detection of SCN- in tap water was researched. The tap
water samples were spiked with 0.4, 0.5 and 0.6 pmol L'
SCN-. The results are summarized in Table 1 and Table S3
(Supporting Information). The range of recovery rates was
between 98.52 and 105.48%. The information showed the
applicability and reliability of the proposed method.

Conclusions

In summary, a simple, fast, highly sensitive and highly selective
colorimetric sensor was developed for the detection of SCN-.
The AuNPs were aggregated by electrostatic attraction under the
presence of 2-AP. The presence of SCN- protected the AuNPs
from the effects of the aggregating agent. The detection range
of the colorimetric sensor was between 0.4 and 1.2 umol L,
and the limit of detection was 0.37 umol L' by UV-Vis
spectroscopy. In addition, it was successfully verified that the
sensor can be applied to the detection of SCN- in actual water
samples.
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ratio of Ae7s/Asz (Fig. S1), calculation of the limit of detection,
comparison with other AuNP-based colorimetric sensors for
SCN- detection and ¢ values of AuNP-based colorimetric sensors
for SCN- detection (Tables S2 and S3). This material is available
free of charge on the Web at http://www.jsac.or.jp/analsci/.

References

1. C. E Peng, N. Pan, Z. J. Qian, X. L. Wei, and G. Shao,
Talanta, 2017, 175, 114.

2. S. Chattaraj and A. K. Das, Spectrochim. Acta, Part B,
1992, 47, 675.

e

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

1169

T. Ohshima, S. Kagaya, M. Gemmei-Ide, R. W. Cattrall,
and S. D. Kolev, Talanta, 2014, 129, 560.

M. Sancy, J. Pavez, M. A. Gulppi, I. L. de Mattos, R.
Arratia-Perez, C. Linares-Flores, M. Paez, T. Nyokong, and
J. H. Zagal, Electroanalysis, 2011, 23, 711.

J. H. Khorasani, M. K. Amini, H. Motaghi, S. Tangestaninejad,
and M. Moghadam, Sens. Actuators, B, 2002, 87, 448.

A. K. Singh, U. P. Singh, S. Mehtab, and V. Aggarwal,
Sens. Actuators, B, 2007, 125, 453.

R. K. Bhandari, R. P. Oda, S. L. Youso, I. Petrikovics, V. S.
Bebarta, G. A. Rockwood, and B. A. Logue, Anal. Bioanal.
Chem., 2012, 404, 2287.

M. T. Jafari and M. Javaheri, Anal. Chem., 2010, 82, 6721.
J. E. Prest, S. J. Baldock, M. S. Beardah, S. P. Doyle, P. R.
Fielden, N. J. Goddard, and B. J. T. Brown, Analyst, 2011,
136, 3170.

B. L. Gong and G. Q. Gong, Anal. Chim. Acta, 1999, 394, 171.
C. C. Acebal, H. Sklenarova, J. Skrlikova, I. Sramkova, V.
Andruch, I. S. Balogh, and P. Solich, Talanta, 2012, 96, 107.
L. Wu, Z. Y. Wang, and S. FE. Zong, Biosens. Bioelectron.,
2014, 62, 13.

P. Chanika, R. Poomrat, C. Sudkate, S. Weena, and C.
Orawon, Sens. Actuators, B, 2019, 290, 226.

T. Kosin, P. Nicha, and T. Auttachai, Anal. Sci., 2019, 35,
371.

S. A. Ghoto, M. Y. Khuhawar, and T. M. Jahangir, Anal.
Sci., 2019, 35, 631.

Y. L. Zhou, H. Dong, L. T. Liu, M. M. Li, K. X. Xiao, and
M. T. Xu, Sens. Actuators, B, 2014, 196, 106.

W. W.lJin, P. C. Huang, G. C. Wei, Y. J. Cao, and F. Y. Wu,
Sens. Actuators, B, 2016, 233, 223.

G. G. Huang, Y. T. Chen, and Y. R. Lin, Anal. Methods,
2014, 6, 5690.

Y. K. Yano, M. Nisougi, Y. Yano-Ozawa, T. Ohguni, A.
Ogawa, M. Maeda, T. Asahi, and T. Zako, Anal. Sci., 2019,
35, 685.

C. Puttharugsa and A. Aeimbhu, Anal. Sci., 2018, 34, 311.
Z.Y. Zhang, J. Zhang, C. L. Qu, D. W. Pan, Z. P. Chen, and
L. G. Chen, Analyst, 2012, 137, 2682.

D. Zhao, C. Chen, L. Lu, F. Yang, and X. Yang, Analyst,
2015, 740, 8157.

H. H. Deng, C. L. Wu, A. L. Liu, G. W. Li, W. Chen, and
X. H. Lin, Sens. Actuators, B, 2014, 191, 479.

J. Song, P. C. Huang, Y. Q. Wan, and F. Y. Wu, Sens.
Actuators, B, 2016, 222, 790.

Q. Lu, Y. Liu, Y. Hou, H. Wang, Y. Zhang, and S. Yao,
Analyst, 2015, 140, 7645.

J. Song, P. C. Huang, Y. Q. Wan, and F. Y. Wu, Anal.
Bioanal. Chem., 2012, 403, 1971.

S. Xing, X. Xu, P. Fu, M. Xu, T. Gao, X. Zhang, and C.
Zhao, Colloids Surf., B, 2019, 181, 333.

Z. Xiao, A. Tang, H. Huang, and Z. Wang, Can. J. Chem.,
2017, 95, 1267.

X. W. Xu, J. Wang, K. Jiao, and X. R. Yang, Biosens.
Bioelectron., 2009, 24, 3153.

L. P. Zhang, Y. P. Xing, C. Liu, X. H. Zhou, and H. C. Shi,
Sens. Actuators, B, 2015, 215, 561.

X. Sun, R. Liu, Q. Liu, Q. Fei, G. Feng, H. Shan, and Y.
Huan, Sens. Actuators, B, 2018, 260, 998.

R. C. Jin, G. S. Wu, Z. Li, C. A. Mirkin, and G. C. Schatz,
J. Am. Chem. Soc., 2003, 125, 1643.

Y. Liu, Y. L. Liu, L. Xu, J. Li, X. Y. Liu, J. S. Liu, and G.
Y. Li, Sens. Actuators, B, 2017, 249, 331.

G. L. Long and J. D. Winefordner, Anal. Chem., 1983, 55,
T12A.



