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Direct and rapid detection of 1-hydroxypyrene (1-OHP) is of great importance owing to its high carcinogenicity, 

teratogenicity and toxicity. In this study, a simple and colorimetric assay for rapid determination of 1-OHP was reported, 

which was based on non-crosslinking aggregation of gold nanoparticles (Au NPs) induced by 1-OHP in the presence of 

formic acid (FA). Initially, Au NPs was synthesized with citrate as capping agent and exhibited red color. Subsequently, the 

addition of FA did not cause aggregation, but a proton transfer process occurred from FA to carboxylic anions on the 

surface of Au NPs with a decreased zeta potential. The addition of 1-OHP resulted in further decreased zeta potential and 

intensely hydrophobic environment, which led to a strong and rapid non-crosslinking aggregation of Au NPs within 5 min 

with the color changing from red to violet blue. Based on this principle, a sensitive and selective detection of 1-OHP was 

achieved. The detection limit was 3.3 nM. Finally, the colorimetric assay was successfully applied to detect 1-OHP in urine 

sample. This strategy provides new insights into developing colorimetric methods for on-site and real-time detection of 

polycyclic aromatic hydrocarbons. 

 

Introduction  

Polycyclic aromatic hydrocarbons (PAHs) are known contaminants 

mainly from kinds of industrial and household sources.1 Owing to 

high mutagenicity, teratogenicity and carcinogenicity,2 PAHs have 

been identified as priority pollutants.3 Upon entering the cell, PAHs 

were metabolized into diol epoxides, diones, and other reactive 

intermediates that react with DNA to form PAH-DNA covalent 

adducts or cause other forms of DNA damage.4 The remained other 

metabolites (mainly hydroxyl polycyclic aromatic hydrocarbons, 

OH-PAHs) were excreted.5 For example, OH-PAHs has been found 

in the urine of human and laboratory animals exposed to PAHs.6 In 

particular, level of 1-hydroxypyrene (1-OHP) in urine had been 

widely identified as a reliable marker and indicator for evaluating 

PAHs exposure,7 which could provide evidence for environmental 

health risk warning and occupational safety evaluation.8 Thus, 

developing a simple and sensitive assay for monitoring 1-OHP was 

meaningful and of considerable significance. 

Currently, the techniques for 1-OHP determination included high-

performance liquid chromatography (HPLC), mass spectrometry 

(MS), gas chromatography-mass spectrometry (GC-MS), liquid 

chromatography-mass spectrometry (LC-MS) and liquid 

chromatography-fluorescence.9 Although these methods offered high  

selectivity and sensitivity, complex sample treatments (such as pre-

concentration and separation procedures) and huge instruments 

presented a great challenge to satisfy the increasing demands of 

practical applications in real-time and on-site determination. 

Therefore, the development of simple and miniaturized analytical 

assays for 1-OHP detection has drawn considerable attentions. 

Several assays had been developed for direct and effective 

quantification of 1-OHP.10-12 For example, fluorescence 

spectroelectrochemical sensor was reported for the direct 

determination of 1-OHP in complex samples.9 Immunological assay 

was developed for specifically recognizing 1-OHP with the 

monoclonal antibody as a probe.11 Those methods made a great 

improvements in detection techniques and sample treatments. 

However, it still remains a challenge to achieve simple, rapid and 

visual determination of 1-OHP, which could really meet the 

requirements for on-site and real-time environmental monitoring. 

Recently, colorimetric approaches with gold/silver nanoparticles 

(Au/Ag NPs) as a probe for multiple detections were greatly 

promising. Until now, various colorimetric sensors were designed 

for analytes, such as inorganic ions, small molecules, protein, 

andaminoacid.13 Interestingly, several groups reported the detection 

of hydroxyl-compounds through colorimetric method.14 For 

example, Zou and co-workers developed a colorimetric sensor for 

the detection of o-, m-, p-benzenediol with water-soluble β-

cyclodextrin functionalized Ag NPs as a probe.14a However, to the 

best of our knowledge, the colorimetric assay for detection of 1-OHP 

has rarely been reported. 

Page 1 of 5 Analyst

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
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

In this paper, a colorimetric assay for simple, rapid and visual 

determination of 1-OHP was reported, which was based on Au NPs 

aggregation induced by 1-OHP in the presence of formic acid. 

Initially, negatively charged Au NPs were prepared with citrate as a 

capping agent. The addition of formic acid partially neutralized the 

negatively charged Au NPs with a decreased zeta potential due to a 

weak proton transfer process, but couldn’t induce the aggregation of 

Au NPs. When 1-OHP was finally added, a non-crosslinking 

aggregation of Au NPs within 5 min occurred, and the color changed 

from red to violet blue, which was due to decreased electrostatic 

repulsion interaction and an intensely hydrophobic environment 

around Au NPs caused by pyrene of 1-OHP deriving from the 

formed hydrogen bonds between 1-OHP and carboxylic anions on 

the surfaces of Au NPs. Based on this principle, a colorimetric 

sensor for sensitive and selective detection of 1-OHP was 

constructed. The detection limit was as low as 3.3 nM with a wide 

linear range from 0 nM to 1 µM. Most importantly, this sensor was 

successfully applied for detection of 1-OHP in urine sample. 

Experimental 

Chemicals and reagents 

Gold (III) chloride trihydrate (HAuCl4·3H2O) was purchased from 

Accela ChemBio Co., Ltd (Shanghai, China). Trisodium citrate, 

phenol (PN), hydroquinone (HQ), catechol (CC), resorcinol (RC), 

Pb(CH3COO)2·H2O, Hg(ClO4)2·H2O, FeCl3, CH3COOK, 

CH3COONa, CaCl2, creatinine (CREA) and urea were purchased 

from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Uric 

acid (UA) was purchased from Aladdin Industrial Corporation 

(Shanghai, China). Formic acid (FA) was purchased from Beijing 

Chemical Works (Beijing, China). 1-hydroxypyrene (1-OHP), 9-

hydroxyfluorene (9-OHF), 2-hydroxyfluorene (2-OHF), 1-

hydroxynaphthalene (1-OHN), 2-hydroxynaphthalene (2-OHN), 6-

hydroxychrysene (6-OHC), and 9-hydroxyphenanthrene (9-OHP) 

were purchased from Sigma-Aldrich Chemical (Sigma-Aldrich, 

USA). All chemicals were of analytical reagent grade and used 

without further purification. Stock solutions of aromatic compounds 

were prepared in acetonitrile with a concentration of 1 mM. Other 

solutions were prepared with deionized water (18.2 MΩ cm) from a 

Millipore system. Urine samples were prepared according to the 

previous reports,15 and urine samples diluted by 40 times were 

spiked with 1-OHP applied for testing selectivity experiment. 

Apparatus and instruments 

UV/Vis spectra were recorded by UV/Vis spectrophotometer (UV-

2450, Shimadzu, Japan) using 1 cm path length quartz cuvettes. 

Spectra responses were collected from 400 to 800 nm at room 

temperature. Photographs for color changes were taken with a 

Samsung (EOS 450D, Korea) digital camera. The morphology of Au 

NPs was characterized using transmission electron microscopy 

(HRTEM, JEOL 2100, Japan). Specimens were prepared by placing 

of the colloidal suspension onto carbon film, and allow the solvent 

evaporate. The Zeta potential was obtained using zeta potential 

analyzer (ZetaPlus, Brookhaven Instrument Co., Holtsville, NY). 

HPLC experiments were conducted by a Waters Acquity Ultra 

Performance Liquid Chromatography with ACQUITY UPLC BEH 

C18 (1.7 µm, 2.1×50 mm) column. The mobile phase was water–

acetonitrile (v/v, 50/50) at a flow-rate of 0.3 mL/min. The column 

temperature was set at 35℃. The excitation and emission 

wavelengths were 240 nm and 277 nm, respectively. 

Synthesis of Au NPs 

All glassware was thoroughly cleaned with freshly prepared aqua 

regia solution of VHCl:VHNO3= 3:1 for 20 min, then rinsed thoroughly 

in water and dried in air. The Au NPs were prepared as reported 

previously with minor modifications.16 Briefly, 5 mL of 38.8 mM 

trisodium citrate was rapidly added into the boiling solution 100 mL 

of 0.4 mM HAuCl4 with vigorous stirring, and the resulting solution 

was kept continuously boiling for 30 min until a red solution was 

obtained. The solution was cooled to room temperature and then 

filtrated through a filter membrane (0.22 µm) to remove the 

precipitate, and the filtrate was stored in a refrigerator at 4℃ for use. 

The diameter of synthetic Au NPs was about 13 nm as reported 

previously, which was confirmed by TEM image. The concentration 

of the Au NPs solution was estimated to be 4 nM according to the 

absorbance data and the average size of the particles as previously 

reported.17 

Colorimetric detection of 1-OHP 

For colorimetric detection of 1-OHP, the solutions of 1-OHP with 

different concentrations were prepared by diluting fresh stock 

solutions with deionized water. Firstly, 2 mM FA solution was 

added into 0.5 mL of Au NPs suspension to mix completely for 30 s. 

Then, different concentrations of 1-OHP were added into the 

solution. The color changes were photographed with a digital camera 

and recorded by the UV/Vis absorption spectra. The sensor 

responses (A670/A518) were calculated by dividing the absorption of 

the Au NP suspension at 670 nm by that at 518 nm. Au NPs 

suspension to be analyzed was allowed to react for 5 min before 

analysis unless special instructions and each reaction was monitored 

by UV/Vis to correlate the aggregation results.  

Results and discussion 

The spherical and well-dispersed Au NPs with the mean diameter of 

13 nm were synthesized with citrate as the stabilizer (Fig. 1A). As 

shown in Fig. 2 (curve 1, vial 1), the as-prepared Au NPs exhibit an 

absorption peak at 518 nm, which is ascribed to the surface plasmon 

resonance of the Au NPs.16 Owing to abundant carboxylic anions on 

the Au NPs surfaces, Au NPs remained highly stable with a ζ (zeta 

potential) of -41.3 mV (Fig. 1D).18 Upon 2 mM FA being added into 

the Au NPs suspension (pH = 6.5), no obvious aggregation was 

observed in Fig. 1B, and the absorption at 518 nm was kept 

unchanged as shown in Fig. 2 (curve 2, vial 2). With such small 

change in pH (pH = 6.2), the value of ζ was decreased to -28.2 mV 

(Fig. 1D). The result suggested that the addition of FA couldn’t 

change the acidity of the Au NPs, but the H+ (partly dissociated from 

FA) further protonated the negatively-charged carboxylic anions on 

the Au NPs surfaces, which led to the decreased ζ.19,20 

When 1 µM 1-OHP was finally added into the FA-Au NPs aqueous 
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Fig. 1 TEM images of 2 nM Au NPs. (A) without any addition. (B) with the 

addition of 2 mM FA. (C) with the addition of 1 μM 1-OHP in the presence of 

2 mM FA. (D) corresponding zeta potential measurements of Au NPs. 

 

suspension, the colour rapidly changed from red to purple within 5 

min (Video S1, ESI†). The absorption at 518 nm greatly decreased 

and a new absorption peak at 670 nm appeared (curve 4, vial 4 in 

Fig. 2), which was attributed to the number of mono-dispersed Au 

NPs reduced and Au NPs aggregated.13e Meanwhile, the value of ζ 

was further decreased to -21.6 mV. Hydroxyl (–OH) in 1-OHP could 

possibly form hydrogen bond (–OH···OOC) with carboxylic anions 

on the Au NPs surface,21 and led to the decreased ζ. Alternatively, if 

1 µM 1-OHP was directly added into the Au NPs suspension without 

2 mM FA, the absorption peak at 518 nm exhibited a slight decrease 

and red-shift (curve 3, vial 3 in Fig. 2). The results show: (1) FA 

plays an essential role in the process of Au NPs aggregation; (2) 1-

OHP can trigger the aggregation of Au NPs in the presence of FA 

(Fig. 1C). 

To explore the possible aggregation mechanism, a series of 

experiments were carried out. Firstly, in the presence of bases and 

acids instead of FA, the addition of 1-OHP could cause Au NPs 

aggregations with different extents. Compared with FA, bases (such 

as sodium acetate and sodium hydroxide) failed to provide H+ for 

carboxylic anions on the Au NPs surfaces, the addition of 1-OHP 

couldn’t induce the Au NPs aggregation (Fig. S1, ESI†); acids (such 

as sulfuric acid) provided abundant H+ for carboxylic anions on the 

Au NPs surfaces, and directly triggered the Au NPs aggregation 

(Table S1). Alternatively, sulfuric acid was applied for mediated the 

acidity of the Au NPs to 6.2, the addition of 1-OHP induced a rapid 

aggregation within 5 min, which was similar to that of 2 mM FA 

(Fig. S2, ESI†). Based on the results, it was concluded that H+ 

dissociated from FA played an important role in the process of Au 

NPs aggregation induced by 1-OHP. Secondly, in the presence of 

FA, pyrene instead of 1-OHP was added into the Au NPs suspension, 

no aggregation was observed (Fig. S3, ESI†), which indicated that –

OH in 1-OHP played a key role to induce the Au NPs aggregations. 

If phenol instead of 1-OHP was added into the Au NPs suspension, 

also no aggregation was observed (Fig. S3, ESI†), which indicated 

the pyrene in 1-OHP was essential in the process of Au NPs 

aggregation. It could be reasoned that hydroxyl group (–OH) in  

1-OHP could form p-π conjugation with pyrene ring,22,14b which was 

possibly beneficial to the formation of hydrogen bond between –OH 

 
Fig. 2 UV/Vis absorption spectra of 2 nM Au NPs: 1) without any addition; 2) 

with the addition of 2 mM FA; 3) with the addition of 1 μM 1-OHP; 4) with 

the addition of 1 μM 1-OHP in the presence of 2 mM FA. Inset: images of 

corresponding color changes of Au NPs. 

 

 

Scheme 1 Scheme of colorimetric sensing of 1-OHP. 

 

and carboxylic anion on the Au NPs surfaces.21 In addition, pyrene 

in 1-OHP could provide intensively hydrophobic environment 

around the Au NPs.23 As a result, non-crosslinking aggregations of 

Au NPs occurred.24 

On the basis of discussions above, the FA-Au NPs was selected as 

a colorimetric probe for the detection of 1-OHP as shown in Scheme 

1. Initially, citrate-capped Au NPs was negatively charged with ζ of -

41.3 mV. The electrostatic repulsion interactions between the Au 

NPs kept it stable. Upon FA being added, H+ partly dissociated from 

FA could transfer to carboxylic anions on the Au NPs surface, and 

led to a decreased ζ (-28.2 mV). When 1-OHP was finally added, -

OH in 1-OHP could form hydrogen bond (-OH···OOC) with 

carboxylic anions on the Au NPs surface with the further decreased ζ 

(-21.6 mV). The decreased electrostatic repulsion interaction 

between Au NPs and hydrophobic environment around Au NPs 

caused the rapid aggregations within 5 min. To obtain the best 

aggregation response for 1-OHP, 2 nM Au NPs and 2 mM FA were 

selected, respectively (Fig. S4 and Fig. S5, ESI†).  

As shown in Fig. 3, when the concentration of 1-OHP was 

gradually increased from 0 nM to 4 µM, the absorption peak at 518  

nm gradually decreased, and a new absorption peak at 670 nm  

appeared and further increased, followed by the color changed from 
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Fig. 3 (A) UV/Vis absorption spectra of FA-Au NPs probe with 1-OHP 

concentrations containing 0 nM, 5 nM, 10 nM, 40 nM, 80 nM, 150 nM, 500 

nM, 1 µM, 2 µM and 4 µM. Inset: colorimetric images of FA-Au NPs probe 

with related 1-OHP concentrations (from left to right). (B) Dependences of 

the absorption ratio (A670/A518) on the concentrations of 1-OHP. Inset: Linear 

plot of the absorption ratio (A670/A518) vs. different 1-OHP concentrations 

from 0 nM to 1 µM.  

red to purple and finally to violet blue (inset in Fig. 3A). When the 

1-OHP concentration was increased from 0 nM to 1 µM, the 

corresponding A670/A518 value gradually increased. Further 

increasing the concentration of 1-OHP up to 4 µM produced a 

slightly increased A670/A518 (Fig. 3B). It was found that the value of 

A670/A518 showed a linear relationship with the 1-OHP concentration 

ranged from 0 nM to 1 µM (R2=0.997) (inset of Fig. 3B). The 

detection limit was calculated to be 3.3 nM (S/N=3). 

To evaluate the selectivity of the assay, some hydroxyl aromatic 

hydrocarbons, metal ions and main urine ingredients (Crea, Urea, 

UA) were selected. The colorimetric responses of these interferents 

to the sensing system at a concentration of 1 µM except Crea (0.1 

µM) were investigated, respectively. Hydroxyl polycyclic aromatic 

hydrocarbons included phenols (HQ, PN, CC, RC) and OH-PAHs 

(1-OHN, 2-OHN, 2-OHF, 9-OHF, 9-OHP, 6-OHC) as shown in 

Table S2.5,25 OH-PAHs were common interferences in urine sample 

from those human and laboratory animals exposed to PAHs. It was 

reported that 3-hydroxy benzo[a]pyrene was not detected in 

metabolites26 but exists combining glucosiduronide.27 Therefore, 3-

hydroxy benzo[a]pyrene was not included as one of interferences. 

Metal ions included Ca2+, Fe3+, Hg2+, K+, Mg2+, Na+, and Pb2+, and 

they couldn’t effectively decrease the electrostatic repulsion 

interactions between Au NPs at lower concentration (1 µM), and no 

obvious aggregation was observed within 5 min. For some phenols 

(PN, HQ, CC, and RC), they couldn’t produce interference signal 

due to unsuccessful satisfaction for hydrophobic environment around 

the Au NPs. Based on the discussed results above, 1-OHP owned 

preferable conjugacy which was beneficial to form the p-π 

conjugation between –OH and pyrene ring, and further beneficial to 

the formation of hydrogen bond between –OH in 1-OHP and 

carboxylic anion at Au NPs surface. As a result, pyrene in 1-OHP 

accordingly provided a hydrophobic environment around the Au NPs. 

As shown in Fig. 4, other OH-PAHs produced a relative smaller 

aggregation response (A670/A518) compared with 1-OHP, only 1-

OHP gave a larger value of A670/A518. In addition, the response 

against 1-OHP in the presence of the mixture of interferents was also 

investigated, which was only slightly reduced. The results indicated 

the high selectivity of FA-Au NPs probe for 1-OHP. 

 
Fig. 4 Selectivity of the colorimetric assay for 1-OHP. Response (A670/A518) of 

the colorimetric sensor against the competing interferents from left to right 

were corresponding to blank, HQ, PN, CC, RC, 1-OHN, 2-OHN, 2-OHF, 9-OHF,  

9-OHP, 6-OHC, Ca
2+

, Fe
3+

, Hg
2+

, K
+
, Mg

2+
, Na

+
, Pb

2+
, Crea, Urea, UA and the 

mixture of interferents, respectively.  

 

 

Fig. 5 (A) UV/Vis absorption spectra of FA-Au NPs probe for 1-OHP in spiked 

urine samples containing 0 nM, 5 nM, 10 nM, 40 nM, 80 nM, 150 nM, 500 

nM, 1 µM, 2 µM and 4 µM. Inset: colorimetric images of FA-Au NPs probe 

for 1-OHP in spiked urine samples with related concentrations (from left to 

right). (B) Dependences of the absorption ratio (A670/A518) on the 

concentrations of 1-OHP. Inset: Linear plot of the absorption ratio (A670/A518) 

vs. different 1-OHP concentrations from 0 nM to 1 µM.  
 

Finally, the potential application of the developed colorimetric 

method in urine sample was investigated. With the increased 

concentration of 1-OHP spiked in urine sample, the absorption peak 

at 518 nm decreased, and a new absorption peak at 670 nm appeared 

and further increased. Accordingly, the colour of Au NPs changed 

from red to violet blue (inset in Fig. 5A). It was found that the value 

of A670/A518 showed a linear relationship with the concentration of 1-

OHP from 0 nM to 1 µM (R2=0.986), and the detection limit was 4.9 

nM (inset in Fig. 5B). The results indicated that the colorimetric 

assay could be applied for 1-OHP detection in the urine sample. In 

addition, to further demonstrate the feasibility of the assay, the  

recovery experiments were performed, and obtained the average  

recovery of 100.4±4.0% by this probe for 0.5 µM 1-OHP, which was 

well consistent with the value (96.4±2.1%) obtained by HPLC. 

Conclusions 

In this paper, a simple colorimetric assay for rapid detection 

of 1-OHP has been developed, which was based on non-

crosslinking aggregations of Au NPs triggered by 1-OHP. The 
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negatively charged Au NPs with citrate as capping agent was 

partly neutralized by FA, and kept metastable. The addition of 

1-OHP induced strong and rapid aggregations of the Au NPs 

within 5 min, which was due to the further decreased 

electrostatic repulsion and intense hydrophobic environment 

derived from the formed hydrogen bonds between 1-OHP and 

carboxylic anions on the Au NPs surface. Based on the results, 

1-OHP was sensitively and selectively detected with a linear 

range from 0 nM to 1 µM. The detection limit was 3.3 nM. 

Importantly, the colorimetric assay was successfully applied for 

the detection of 1-OHP in urine sample. This strategy opens a 

new way to develop colorimetric methods for on-site and real-

time detection of polycyclic aromatic hydrocarbons. 
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