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Based on the hydrophobic effect inducing the aggregation of Au NPs, a rapid and 

low-cost colorimetric method for detection of quaternary ammonium surfactants using 

citrate-stabilized AuNPs was developed. 
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A rapid and low-cost colorimetric method for detection of
quaternary ammonium surfactants using citrate-stabilized
AuNPs based on hydrophobic effect was developed. The
LODs of different surfactants ranged from 0.5 µM to 5 µM.

The quaternary ammonium surfactants are widely applied in10
industry, especially in pharmacy. For instance,
Myristyltrimethylammonium bromide (TTAB) is used as one of
the major components of eye drops. While TTAB may cause an
allergic reaction in some sensitive people. On the other hand, the
surfactants can lead to environmental pollution when they are15
deposited on land or into water systems1. Therefore, establishing
a sensitive method to detect quaternary ammonium surfactants is
very important for environmental protection and human health.
Various detection methods have been reported, such as reversed-
phase high-performance liquid chromatographic (RP-HPLC)2, gas20
chromatography-mass spectrometry (GC-MS)3, capillary
electrophoresis (CE)4, two-phase titration5, etc. However, these
methods require expensive equipments and sophisticated sample
processing, which lead to quite inconvenient for on-site detection.
On the contrary, in colorimetric method, target molecule can be25
monitored by naked eyes sensitively without instrument, so
colorimetric method is extremely low-cost and has attracted much
attention6.
Recently, noble metal nanoparticles have played vital roles
in both chemistry and biochemistry because of their inherently30
robust chemical properties7, such as special size-dependent
optical properties. For example, the color of dispersed Au NPs
solution is red while the highly aggregated Au NPs solution
turns out to be blue8. Based on this phenomenon, the Au NPs
are widely used for the colorimetric detections of various35
targets, including cells9, proteins10, DNA11, small molecules12
and metal ions8b,13, etc. Another metal nanoparticles, Ag NPs
are also widely applied in the colorimetric analysis14.
However, the Au NPs have some intrinsic advantages over Ag
NPs. For example, the Au NPs possess much better stability40
than Ag NPs due to the easily surface oxidation of the
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50

Ag NPs15. Furthermore, the extraordinarily high extinction55
coefficient of Au NPs enables the colorimetric assay to be
extremely sensitive.
There are various mechanisms of inducing the aggregation

of metal nanoparticles that have been reported, such as
electrostatic interaction between negative ion and positive ion16,60
complexation with ligand17, antibody-antigen associations18,
thiolated or disulfide modified ligands19, streptavidin-biotin
binding20, etc. Recently, our group has reported that the
aggregation of Ag NPs induced by the hydrophobic effect21.
Based on the strategy, herein, a rapid and low-cost colorimetric65
method for detection of quaternary ammonium surfactants using
citrate-stabilized Au NPs was developed. The strategy is
illustrated in Scheme 1. Quaternary ammonium surfactants were
adsorbed onto the surface of citrate-stabilized Au NPs by
electrostatic attraction and the surface of Au NPs became70
hydrophobic. Then Au NPs aggregated through hydrophobic
interaction. Compared to the Ag NPs, the red-to-blue color
change resulting from the aggregation of the Au NPs is more
remarkable than the yellow-to-colorless change of Ag NPs
solution. Therefore, the Au NPs should be more sensitive to the75
cationic surfactants. What’s more, the UV/Vis spectra of the Au
NPs solution response to the surface plasma resonance changes
are completely different from Ag NPs solution.
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Scheme 1 Schematic mechanism for TTAB inducing the80
aggregation of citrate-stabilized Au NPs.
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The Au NPs solution was synthesized by the classical reaction
of HAuCl4 reduced by sodium citrate (see ESI†)13c. As the TEM
images showed in Fig.1, the size of the dispersed Au NPs was
ca.17 nm (Fig 1A), while after the addition of 10 μM TTAB, the
Au NPs distinctly aggregated (Fig. 1B). The absorbance ratio5
A650/A525 of Au NPs solutions with addition of 1 µM TTAB under
different pH conditions were shown in Fig. S1 (ESI†). It can be
seen that the absorbance ratio A650/A5258b reached maximum value
at pH 3, which indicated the most aggregation of Au NPs. In the
10-3M HNO3 solution, the Au NPs showed the most sensitive10
response to TTAB, therefore 10-3M HNO3 was chosen as the
optimal experiment condition. As shown in Fig. 2A, the color of
Au NPs solution changed from red to purple upon the addition of
10 μM TTAB. The color change of the Au NPs solution in the
presence of TTAB was also monitored by UV/Vis spectroscopy15
(Fig. 2B). When 10 μM TTAB was added to the Au NPs solution,
the UV spectra of the Au NPs solution showed that the plasmon
band at 525 nm significantly decreased and an absorption peak at
650 nm emerged, indicating the aggregation of the Au NPs.

20
Fig. 1 TEM images of citrate-stabilized Au NPs (A) before and
(B) after addition of TTAB (10 µM).

25

Fig. 2 (A) The color change of the Au NPs solution (10-3M HNO3)
with the addition of 10 µM TTAB. (B) the corresponding
absorption spectrum of the Au NPs solution (10-3M HNO3) before
(a) and after (b) the addition of 10 µM TTAB.30

The selectivity of citrate-stabilized Au NPs was evaluated with
the addition of various surfactants. As can be seen in Fig.3,
anionic and neutral surfactants could not induce the aggregation
of Au NPs according to the strategy. The influence of NaClO4,35
Na2SO4,Na3PO4, NaNO3, NaCl and Na2SO3 on the aggregation of
Au NPs was also investigated. The results showed that 10-2 M
ClO4-, SO42- and 5×10-2M PO43-, NO3-, Cl-, SO32- could interfere
with the detection (see Fig. S2 in ESI†).

40

Fig. 3 Colorimetric response of Au NPs solution (10-3M HNO3)
upon the addition of 10 µM various surfactants.

The sensitivity of Au NPs for colorimetric detection of TTAB45
was evaluated and the result was shown in Fig. 4. With increase

in the concentration of TTAB, the color of the Au NPs solution
changed from red to blue then finally to red purple. The LOD of
TTAB is 3 µM. The color changes were also monitored by
UV/Vis spectroscopy. The ratio of absorbance intensities at 65050
and 525 nm (A650/A525) was used to assess the degree of Au NPs
aggregation. The larger value of the ratio indicates the more
aggregation of Au NPs6b,8b. As shown in Fig. 4B, increasing the
concentration of TTAB, A650/A525 increased rapidly to maximum
and remained unchanged when the concentration of TTAB was in55
the range of 3-7 µM, then decreased gradually. This could be
ascribed to the different aggregation degree of Au NPs.
Increasing concentration of TTAB, the aggregation of Au NPs
intensified and then reached to saturation. Further increasing the
concentration of TTAB, the Au NPs tended to redisperse and this60
could be ascribed to the reversal of surface charge of Au NPs22.
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Fig. 4 (A) Colorimetric visualization of TTAB using citrate-65
stabilized Au NPs. TTAB concentrations varied from 5×10-7 M to
10-4 M. (B) The plot of A650/A525 against log[TTAB]. The
concentration of TTAB corresponded to 5×10-7 M, 10-6 M, 3×10-6
M, 5×10-6 M, 7×10-6 M, 10-5 M, 5×10-5 M and 10-4M TTAB,
respectively.70

The cationic surfactant had many homologs with different
length of the alkyl chain. The response of Au NPs upon the
addition of different cationic surfactants including Dodecyl
Trimethyl Ammonium Bromide (DTAB), Benzalkonium75
Bromide (BZKB) and Cetrimonium Bromide (CTAB) were
investigated. The results could be seen in Fig.5. The LODs of
these cationic surfactants ranged from 0.5 µM to 5 µM.

80

Fig. 5 The visual color change of the Au NPs solution (10-3M
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HNO3) with the addition of a series of concentrations of different
quaternary ammonium surfactants. (A) DTAB; (B) BZKB; (C)
CTAB.

To verify the utility of the colorimetric method, BZKB in the5
disinfectant residual sample was detected. As shown in Fig. 6, the
color of Au NPs solution clearly changed from red to blue than to
red purple upon the addition of sample with different dilution
ratios. According to the color change of Au NPs solution, the
concentration of BZKB was approximately 2×10-4 M in the10
disinfectant residual sample. The detection of BZKB in
disinfectant residual sample by RP-HPLC was also investigated
in order to verify the accuracy of the colorimetric method. The
result was shown in Fig. S3 and Fig. S4 (ESI † ), The
concentration of BZKB was 2.267×10-4 M determined by RP-15
HPLC. The result was basically consistent with that of the
colorimetric method. It also suggested that this simply
colorimetric strategy could be applied to the semiquantitative
analysis of BZKB.

20

Fig. 6 Colorimetric response of the Au NPs (10-3M HNO3) upon
the addition of different dilution multiple of the disinfectant
residual sample containing BZKB. In the picture, 1-6
corresponded to the sample dilution multiple of 2, 4, 20, 40, 6625
and 200 times, respectively.

In conclusion, based on the aggregation of Au NPs induced by
the hydrophobic effect, a rapid, sensitive and low-cost
colorimetric method for detection of quaternary ammonium30
surfactants using citrate-stabilized AuNPs was developed. The
colorimetric method was successfully used to detect BZKB in the
disinfectant residual sample. With intrinsic advantages of
colorimetric method such as simplicity and sensitivity, it is
potential to be applied in the on-site detection of cationic35
surfactants in the environment.
This work was supported by the National Instrumentation

Program of China (2011YQ17006711), the Major Program of
NSFC (21190044), the NSFC Scientific Equipment Joint Fund
Project (11179004) and NSFC Innovative Research Group40
Project (21121091).

Notes and references
1. M . G. M urphy, M. Al-Khalidi and J. F. S. Crocker, Chemosphere,

2005, 59, 235.45
2. Hsueh-Ying Liu, Wang-Hsien Ding, Journal of Chromatography A,

2004, 1025, 303.
3. Mudunic-Cacic, D., Sak-Bosnar and M., Galovic, O., Talanta, 2008,

76, 259.
4. Andjelija Malenovic, Darko Ivanovic and Biljana Jancic, Acta Chim.50

Slov., 2004, 51, 559.
5. A.R. Hind, S.K. Bhargava and S.C. Grocott, J. Chromatogr. A, 1997,

765, 287.
6. (a) Juan Zhang, Lihua Wang, Dun Pan, Shiping Song, Freddy Y. C.

Boey, Hua Zhang,and Chunhai Fan, small, 2008, 4, 1196; (b) Chia-55
Chen Chang, Shih-Chung Wei, Tzu-Heng Wu, Chung-Han Lee, Chii-
Wann Lin, Biosensors and Bioelectronics, 2013, 42, 119; (c)

Mohammed I. Shukoor, Meghan O. Altman, Da Han, Abdullah Tahir
Bayrac, Ismail Ocsoy, Zhi Zhu, and Weihong Tan, ACS Appl. Mater.
Interfaces, 2012, 4, 3007; (d) Juewen Liu and Yi Lu, Angew. Chem.60
Int. Ed., 2006, 45, 90.

7. (a) Fuan Wang, Xiaoqing Liu, Chun-Hua Lu, and Itamar Willner,
ACS Nano, 2013, 7, 7278; (b) Saha, K., Agasti, S. S., Kim, C., Li, X.,
Rotello V. M., Chem. Rev., 2012, 112, 2739.

8. (a) Ying Xue, Hong Zhao, Zhijiao Wu, Xiangjun Li, Yujian He*and65
Zhuobin Yuan, Analyst, 2011, 136, 3725; (b) Sunghyun Kim, Jeong
Won Park, Dongkyu Kim, Daejin Kim, In-Hyun Lee, and Sangyong
Jon, Angew. Chem. Int. Ed., 2009, 48, 4138.

9. Shenguang Ge, Fang Liu, Weiyan Liu, Mei Yan, Xianrang Song and
Jinghua Yu, Chem. Commun., 2014, 50, 475.70

10. (a) Juan Li, Hua-E. Fu, Ling-Jie Wu, Ai-Xian Zheng, Guo-Nan Chen,
and Huang-Hao Yang, Anal. Chem., 2012, 84, 5309; (b) Wei Li, Jie
Li, Weibing Qiang, Jingjuan Xu and Danke Xu, Analyst, 2013, 138,
760; (c) Chun-Fang Huang, Gui-Hong Yao, Ru-Ping Liang, Jian-Ding
Qiu, Biosensors and Bioelectronics, 2013, 50, 305.75

11. Yizhen Liu, Zitong Wu and Jiming Hu, Chem. Commun., 2012, 48,
3164.

12. (a) Manikkavalli Mohan and Dillip Kumar Chand, Anal. Methods,
2014, 6, 276; (b) Zhong De Liu, Hai Yan Zhu, Heng Xin Zhao,
Cheng Zhi Huang, Talanta, 2013, 106, 255.80

13. (a) Vaibhavkumar N. Mehta, Anil Kumar Mungara and Suresh
Kumar Kailasa, Anal. Methods, 2013, 5, 1818; (b) Yu-rong Ma,
Hong-yun Niu, Xiao-le Zhang and Ya-qi Cai, Chem. Commun., 2011,
47, 12643; (c) Shan Chen, Yi-Min Fang and Jian-Jun Sun, Analyst,
2012, 137, 2021; (d) Yuangen Wu, Shenshan Zhan, Lumei Wang and85
Pei Zhou, Analyst, 2013,138, 1.

14. (a) Cuiping Han and Haibing Li, Analyst, 2010, 135, 583; (b) Youhui
Lin, Cuie Chen, Chunyan Wang, Fang Pu, Jinsong Ren and
Xiaogang Qu, Chem. Commun., 2011, 47, 1181.

15. H. Wei, C. Chen, B. Han and E. Wang, Anal. Chem., 2008, 80, 7051.90
16. Edit Csapó, Rita Patakfalvi, Viktória Hornok, László Tamás Tóth,

Áron Sipos, Anikó, Szalai,Mária Csete and Imre Dékány. Colloids
and Surfaces B: Biointerfaces, 2012, 98, 43.

17. (a) Siqiu Ye, Xinhao Shi, Wei Gu, Yixuan Zhang and Yuezhong
Xian, Analyst, 2012, 137, 3365; (b) Guangke He, Liang Zhao, Kai95
Chen, Yuanyuan Liu and Hongjun Zhu. Talanta, 2013, 106, 73.

18. N.L. Rosi, C.A. Mirkin, Chem. Rev., 2005, 105, 1547.
19. Eugenii Katz, Itamar Willner. Angew. Chem. Int. Ed., 2004, 43, 6042.
20. James E. Ghadiali, Molly M. Stevens, Adv. Mater., 2008, 20, 4359.
21. Li-Qing Zheng, Xiao-Dong Yu, Jing-Juan Xu, Hong-Yuan Chen,100

Talanta, 2014, 118, 90.
22. Marilyn X. Zhou and Joe P. Foley., Anal. Chem., 2006, 78, 1849.

Page 4 of 4Analytical Methods

1
2
3
4
5
6
7
8
9
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
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
n

al
yt

ic
al

 M
et

h
o

d
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t


