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We report the synthesis of a simple pyrene derivative and its application in protamine detection and monitoring of trypsin 

activity. This assay can be conducted in aqueous solution and features rapid response, visual detection, high sensitivity and 

selectivity. The limit of detection of protamine was 0.5 µg mL
-1

. The IC50 value of soybean trypsin inhibitor was estimated 

to be 0.51 U mL
-1

.

Introduction 
Protamines are a group of strongly basic proteins in which 

arginine (Arg) accounts for approximately 67% contents with 

an isoelectric point of 12–13
1
. They are found to play 

important roles in many biological processes and clinical 

treatment
2
. Protamine can hardly be detected by the 

traditional method measuring UV-absorption at 280 nm 

because it is composed of aliphatic amino acids only. So far, 

several approaches have been developed for the detection of 

protamines including HPLC
3
, MS

4
, electrochemical method

5
, 

colorimetric and fluorometric assay and so forth
6
. However, 

some limitations such as requirement of sophisticated 

instruments, tedious sample preparation, and complicated 

synthesis of the probe still restrict practical application of 

these techniques. Therefore, developing rapid and simple 

methods for the selective detection of protamine is still 

attractive.  

Trypsin is one of the most important digestive enzymes 

which is formed in the pancreatic acinar cells, and responsible 

for cleaving peptides mainly at the C-terminal side of arginine 

or lysine (lys) residues
7
. Trypsin not only plays key roles in 

many biological processes, but also is related with some 

diseases
8
 such as cystic fibrosis

9
, pancreatic diseases

10
 and 

certain cancers
11

. This clinical relevance for the diagnosis and 

treatment of diseases has drawn considerable attention to the 

rapid detection of trypsin and its activity monitoring. 

Traditional methods for trypsin detection include enzyme-

linked immunosorbent assay
12

, gel electrophoresis
13

 and 

radioimmunoassay
14

, while many new approaches have been 

developed in recent years, such as electrochemical assay
15

, 

quartz crystal microbalance (QCM) sensor
16

, surface-enhanced 

Raman scattering (SERS)
17

, optical detection based on 

nanomaterials and organic fluorescent probes
18

. Among them, 

fluorescent approaches have been widely used because of 

their simple operation, high sensitivity and ease of 

observation. Many fluorescent probes have been designed for 

the detection of cationic peptides or proteins and enzymes in 

literature
19

. The “fluorescence on-off / off-on” which mainly 

rely on the changes of fluorescence intensity are the mostly 

used detection mode of protamine and trypsin assay
20

. Under 

these circumstances, many external factors such as 

environmental interference, instrument status and photo 

intensity of excitation would affect the accuracy of the results. 

Therefore, a ratiometric sensor based on dual luminescence is 

preferred because it affords inherent correction and ensures 

the sensitivity of the probe. Pyrene derivatives are excellent 

candidates for this purpose owing to their transition between 

monomer and excimer
18b,21

. However, many of these probes 

suffer from poor solubility in water and require laborious 

synthesis
22

. Thus, it is desirable to develop a simple, fast-

response and inexpensive probe for monitoring trypsin activity.  

In this work, we employed an anionic pyrene derivative 

(sodium 3-(pyren-1-yloxy) propane-1-sulfonate, PyOPS, 

Scheme 1) for the detection of protamine and trypsin based on 

the formation and dissociation of pyrene’s excimer. Pyrene 

derivatives have been widely used for constructing fluorescent 

sensing systems owing to their chemical stability, high 

fluorescence quantum yield and long fluorescence lifetime
20

. 

In our strategy, we envision that PyOPS mainly exists in a 

monomer form in aqueous media due to the excellent water 

solubility of sulfonic groups and electrostatic repulsion 

between them. Accordingly, PyOPS exhibits monomer 

fluorescence emission. Then, in the presence of protamine, the 

transformation from the pyrene monomer to the excimer of 

PyOPS driven by electrostatic interactions between the 
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guanidine residues of the protamine and sulfonic groups of 

PyOPS would occur, thereby leading to much enhanced 

excimer emission. Next, subsequent addition of trypsin will 

catalyze the hydrolysis of protamine whose collapse induces 

the weakening of pyrene excimer emission. These changes 

provide a two-wavelength fluorescent response which enables 

PyOPS a ratiometric sensor for the detection of protamine and 

trypsin (Scheme 1). This assay can be conducted in 100% 

aqueous solution and features rapid response, visual 

detection, high sensitivity and selectivity. Details for the 

preparation of the probe and investigation of the sensing 

performance are given in the following sections. 

Results and discussion 

PyOPS was synthesized by a one-step reaction between 1-

hydroxypyrene and 1,3-propanesulfonate with a yield of 62.5% 

(Fig. S1-S4). As expected, the aqueous solution of PyOPS 

showed typical pyrene monomer emission at 385 nm, 405 nm 

and 425 nm upon excitation with 365 nm (Fig. 1). It was noted 

that upon addition of increasing concentrations of protamine, 

the fluorescence emission of the PyOPS monomer decreased 

gradually, whereas a new band around 486 nm emerged which 

is the characteristic of the pyrene excimer. This result was 

attributed to the formation of PyOPS aggregates induced by 

protamine through electrostatic attraction and hydrophobic 

interactions between protamine and PyOPS
23

. In addition, the 

solution colour of PyOPS upon UV (365 nm) irradiation 

changed from blue to green in the presence of protamine 

which could be readily observed with naked eyes (Fig. 1A). 

From Fig. 1B we can see that a good linear relationship (R = 

0.995 from 0.5 to 8 µg mL
−1

) was obtained by fitting analysis of 

(I486/I385) and the concentration of protamine, where I485 and 

I385 represented the emission intensity at 486 nm and 385 nm 

of PyOPS, respectively. It is indicated that PyOPS could be used 

for ratiometric and quantitative detection of protamine and 

the limit of detection (LOD) is as low as 5×10
−7

 g mL
−1

. The 

selectivity of the protamine assay was also examined by 

comparing the emission spectra of PyOPS responding to 

various proteins with different pI values under the same 

conditions including bovine serum albumin (BSA, pI 4.7–5.3), 

hemoglobin (pI 6.84) and lysozyme (pI 11.0) (Fig. S5 and S6). 

Also, two small biomolecules (Lys, pI 9.74; Arg, pI 10.76) which 

have similar levels of cationic charges with protamine were  

 
Scheme 1 Chemical structure of PyOPS and schematic illustration of the 

process in the detection of protamine and trypsin.  

investigated. When 4 µg mL
−1

 of each interferent was added 

into the PyOPS solutions, little changes in the emission profiles 

were observed. These results clearly show that this 

fluorometric assay is highly selective towards protamine due 

to its specific structure and property. 

 Since trypsin could catalyze the hydrolysis of protamine, 

which would result in the dissociation of the aggregates of 

PyOPS templated by protamine, we applied this system in a 

continuous fluorometric assay for monitoring the activity of 

trypsin. Fig. 2 shows the emission spectra of PyOPS and its 

mixtures with protamine, protamine-trypsin and protamine-

trypsin-inhibitor. It is observed that in the presence of trypsin, 

the emission at 486 nm decreased along with the recovery of 

emission at 385 nm, implying the collapse of protamine/PyOPS 

complex caused by trypsin. However, with the addition of 

inhibitor, the emission of PyOPS excimer in the presence of 

protamine was hardly affected which could be attributed to 

the retard of protamine hydrolysis by the inhibitor. The time-

dependent relative intensity (I486/I405) changes of PyOPS in the 

presence of different concentrations of trypsin were compared 

in Fig. 3A. With the increase of trypsin concentration, a faster 

reaction rate of initial hydrolysis and a reduced intensity 

change were obtained. The limit of detection of this assay is 

estimated to be 0.5 µg mL
−1

. Furthermore, the process of 

hydrolysis catalyzed by trypsin could also be observed by 

monitoring the fluorescence colour changes of the PyOPS 

solutions (Fig. 3B), which makes the visual detection of trypsin 

possible. 

 
Fig. 1 (A) Emission spectra of PyOPS (3.0 × 10

-5
 M) in the presence of 

increasing amounts of protamine as indicated in 10 mM HEPES buffer (pH 

7.4). (B) Plots of relative intensity (I486/I385) of PyOPS versus protamine 

concentrations. λex = 365 nm.  
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Fig. 2 Emission spectra of PyOPS (3.0 × 10
-5

 M) in the absence and presence 

of protamine, protamine-trypsin and protamine-trypsin-inhibitor in 10 mM 

HEPES buffer (pH 7.4).λex = 365 nm; [protamine] = 6.0 µg mL
-1

; [trypsin] = 

8.0 µg mL
-1

; [inhibitor] = 8.0 U mL
-1

.  

To evaluate the selectivity of the fluorometric trypsin 

assay, several enzymes such as alkaline phosphatase (ALP), 

lysozyme, BSA, albumin and pepsin were investigated under 

the identical conditions. It is shown in Fig. S7 that the presence 

of these enzymes barely changed the emission spectra of 

PyOPS–protamine complex except for trypsin. The results were 

illustrated in Fig. 4 for quantitative appraisal of the specificity 

of this fluorometric assay. Herein, I0 and I are the ratios of the 

intensity at 486 nm to the intensity at 405 nm, I486/I405, in the 

absence and presence of each enzyme, respectively. It is 

clearly seen that the value of (I − I0) in the presence of trypsin 

is at least 9 times higher than that of other enzymes, indicating 

the high selectivity of this approach towards trypsin. 

 
Fig. 3 (A) Relative intensity of the PyOPS–protamine complex versus 

incubation time for the hydrolysis of protamine with various concentrations 

of trypsin in 10 mM HEPES buffer (pH 7.4).[PyOPS] = 3.0 × 10
-5

 M; 

[protamine] = 6.0 µg mL
-1

. (B) Changes of PyOPS emission colours induced 

by the addition of protamine and trypsin with incubation time indicated. 

[PyOPS] = 3.0 × 10
-5

 M; [protamine] = 6.0 µg mL
-1

; [trypsin] = 8.0 µg mL
-1

; λex 

= 365 nm.  

 
Fig. 4 Relative intensity of the PyOPS–protamine complex in the presence of 

various proteins in 10 mM HEPES buffer (pH 7.4). [PyOPS] = 3.0 × 10
-5

 M; 

[protamine] = 6.0 µg mL
-1

; [proteins] = 8.0 µg mL
-1

. 

Inhibitor screening for enzymes provided an efficient tool in 

the discovery of new drugs and the design of sensing systems. 

Thus, we also employed the present approach to screen 

soybean trypsin inhibitor (STI). Fig. 5A shows the real-time 

response of PyOPS to different amounts of STI. It can be seen 

that the relative intensity of I486/I405 increased gradually along 

with the introduction of more STI. The STI ability for inhibiting 

trypsin activity is assessed by an IC50 value, which represents 

the concentration of STI required for half inhibition of trypsin 

activity. This value was calculated to be 0.51 U mL
-1

 according 

to the plot of inhibition efficiency versus inhibitor 

concentrations (Fig. 5B). This result suggested that the current 

strategy could be applied to screening trypsin inhibitors with a 

good sensitivity and fast response. 

 
Fig. 5 (A) Relative intensity of the PyOPS–protamine complex versus 

incubation time in the presence of trypsin at different inhibitor 

concentrations as indicated in 10 mM HEPES buffer (pH 7.4).(B) Plot of the 
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inhibition efficiency (IE) versus the concentration of trypsin inhibitor from 

soybean. [PyOPS] = 3.0 × 10
-5

 M; [protamine] = 6.0 µg mL
-1

; [trypsin] = 8.0 µg 

mL
-1

.  

Conclusions 

In conclusion, we have prepared a simple pyrene derivative, 

PyOPS, and employed it for rapid detection of protamine and 

monitoring of trypsin activity. The aggregation of PyOPS was 

induced by protamine through both electrostatic and 

hydrophobic interactions. A good linear range of 0.5 - 8 µg mL
-

1
 and a LOD of 0.5 µg mL

-1
 were obtained. In the presence of 

trypsin, protamine was hydrolyzed and PyOPS disaggregated 

gradually along with its excimer transforming to monomer. 

This transformation could be directly used for trypsin 

detection with good selectivity and sensitivity. The LOD of this 

assay is about 0.5 µg mL
-1

. When the activity of trypsin was 

inhibited, the dissociation of PyOPS aggregates was retarded. 

The IC50 value of STI was estimated to be 0.51 U mL
-1

. As a 

label-free sensing system, the present approach possesses 

several advantages, including: (1) the preparation of the probe 

is straightforward because it can be synthesized by a one-step 

reaction; (2) compared with “turn-on” or “turn-off” sensors, 

the transition of fluorescence emission of PyOPS between the 

monomer and excimer provides a ratiometric output and 

improves the signal to noise ratio by inherent correction; (3) 

the responses of the probe to analytes could be continuously 

measured and readily observed with naked eyes. 

Experimental 

Synthesis of PyOPS 1-hydroxypyrene (1) (100 mg,0.454 mmol) was 

added into 0.5 mL NaOH (2.5M) solution in the flask ,then 0.5 mL 

dioxane was added to improve the solubility. 1, 3-propanesulfonate 

(2) (52 mg, 0.432 mmol) was dissolved in 2 mL dioxane, and then 

added into the mixture. The mixture was stirred in nitrogen 

atmosphere at room temperature for 12 h. The crude product was 

filtered and then washed with THF and acetone to give PyOPS 

(103.3 mg; yield 62.5%). 
1
H NMR (500 MHz, DMSO-d6) δ: 8.38 (d, J = 

9.2 Hz, 1H), 8.24 (d, J = 8.5 Hz, 1H), 8.19 (t, J = 8.0 Hz, 2H), 8.13 

(d, J = 9.2 Hz, 1H), 8.07 (d, J = 9.0 Hz, 1H), 8.02 (t, J = 7.6 Hz, 1H), 

7.96 (d, J = 9.0 Hz, 1H), 7.75 (d, J = 8.5 Hz, 1H), 4.47 (t, J = 6.4 Hz, 

2H), 2.76 (d, J = 7.3 Hz, 2H), 2.20-2.29 (m, 2H). 
13

C NMR (125 MHz, 

DMSO-d6) δ: 153.16, 131.74, 131.60, 127.79, 126.85, 126.75, 

126.49, 125.45, 125.10, 124.96, 124.78, 124.67, 124.58, 121.32, 

119.89, 110.38, 68.31, 48.58, 26.06. HRMS (m/z): calculated for (M-

Na)
-
 339.0691; found 339.0699.  

Acknowledgements 

This project was funded by National Basic Research Program of 

China (973 program, number 2013CB932800), the National 

Natural Science Foundation of China (numbers 21204089, 

21175135, 21375130), and the CAS Hundred Talents Program. 

Notes and references 

1 a) K. Suzuki and T. Ando, J. Biochem., 1972, 72, 1419; b) Y. 

Okamoto, K. Ogawa, T. Motohiro, N. Nishi, E. Muta and S. 
Ota, J. Biochem., 1993, 113, 658. 

2 a) S. Taylor and J. Folkman, Nature, 1982, 297, 307; b) L. 

Zhou, H. Matsumura, M. Mezawa, H. Takai, Y. Nakayama, M. 
Mitarai and Y. Ogata, Gene, 2013, 516, 228; c) N.-H. Kang, W. 
K. Lee, B.-R. Yi, H.-R. Lee, M.-A. Park, S.-K. Park, H. K. Park 

and K.-C. Choi, Mol. Med. Rep., 2013, 7, 127; d) L. E. Hughes, 
Lancet, 1964, 1, 408. 

3 A. Hvass and B. Skelbaek-Pedersen, J. Pharmaceut. Biomed., 

2005, 37, 551. 
4 A. C. Gucinski and M. T. Boyne, II, Rapid Commun. Mass. Sp., 

2014, 28, 1757. 

5 A. Shvarev and E. Bakker, J. Am. Chem. Soc., 2003, 125, 
11192. 

6 a) J. Zhao, Y. Yi, N. Mi, B. Yin, M. Wei, Q. Chen, H. Li, Y. Zhang 

and S. Yao, Talanta, 2013, 116, 951; b) S. Pang, S. Liu and X. 
Su, RSC Adv., 2014, 4, 25857; c) X.-t. Chen, Y. Xiang, N. Li, P.-
S. Song and A.-j. Tong, Analyst, 2010, 135, 1098; d) Z. Yao, W. 

Ma, Y. Yang, X. Chen, L. Zhang, C. Lin and H.-C. Wu, Org. 

Biomol. Chem., 2013, 11, 6466. 
7 M. Hirota, M. Ohmuraya and H. Baba, J. Gastroenterol., 

2006, 41, 832. 
8 H. Rinderknecht, Digest. Dis. Sci., 1986, 31, 314. 
9 I. Castello Serrano, G. Stoica, A. Matas Adams and E. 

Palomares, Nanoscale, 2014, 6, 13623. 
10 M. Kato, S. Hayakawa, S. Naruse, M. Kitagawa, Y. Nakae and 

T. Hayakawa, J. Clin. Lab. Anal., 1996, 10, 399. 

11 S. Koskensalo, J. Hagstrom, J. Louhimo, U.-H. Stenman and C. 
Haglund, Oncology-Basel, 2012, 82, 234. 

12 J. M. Steiner, D. A. Williams, E. M. Moeller and T. Melgarejo, 

Am. J. Vet. Res., 2000, 61, 620. 
13 R. B. Lefkowitz, G. W. Schmid-Schoenbein and M. J. Heller, 

Electrophoresis, 2010, 31, 2442. 

14 M. C. Geokas, G. Triadafilopoulos and P. Lau, J. Pediatr. 

Gastr. Nutr, 1989, 9, 1. 
15 Y. Chen, J. Ding and W. Qin, Bioelectrochemistry, 2012, 88, 

144. 
16 G. Bayramoglu and M. Y. Arica, Bioproc. Biosyst. Eng., 2012, 

35, 423. 

17 L. Chen, X. Fu and J. Li, Nanoscale, 2013, 5, 5905. 
18 a) L. Hu, S. Han, S. Parveen, Y. Yuan, L. Zhang and G. Xu, 

Biosens. Bioelectron., 2012, 32, 297; b) J. Wang, H.-B. Liu, S. 

Park, S. Y. Kim, T. Joo and C.-S. Ha, RSC Adv., 2012, 2, 4242; c) 
W. Zhang, P. Zhang, S. Zhang and C. Zhu, Anal. Methods, 

2014, 6, 2499; d) L.-J. Ou, X.-Y. Li, L.-J. Li, H.-W. Liu, A.-M. Sun 

and K.-J. Liu,  Analyst, 2015, 140, 1871; e) W. Li, J. Chen, H. 
Jiao, Q. Zhang, H. Zhou and C. Yu, Chem. Commun., 2012, 48, 
10123. 

19 a) R. Baba, Y. Hori, S. Mizukami and K. Kikuchi, J. Am. Chem. 

Soc., 2012, 134, 14310; b) Z. Song, Y. Hong, R. T. K. Kwok, J. 
W. Y. Lam, B. Liu and B. Z. Tang, J. Mater. Chem. B, 2014, 2, 

1717; c) V. Selmani, K. J. Robbins, V. A. Ivancic and N. D. Lazo, 
Protein Sci., 2015, 24, 420; d) Y. Wang, K.-Y. Pu and B. Liu, 
Langmuir, 2010, 26, 10025. 

20 a) Y. Wang, Y. Zhang and B. Liu, Anal. Chem., 2010, 82, 8604; 
b) W. Xue, G. Zhang, D. Zhang and D. Zhu, Org. Lett., 2010, 
12, 2274; c) D. Liao, Y. Li, J. Chen and C. Yu, Anal. Chim. Acta, 

2013, 784, 72; d) Y. Lin, R. Chapman and M. M. Stevens, 
Anal. Chem., 2014, 86, 6410; e) A. Shao, Z. Guo, S. Zhu, S. 
Zhu, P. Shi, H. Tian and W. Zhu, Chem. Sci., 2014, 5, 1383; f) 

C. Zhou, W. Li, J. Chen, M. Yang, Y. Li, J. Zhu and C. Yu, 
Analyst, 2014, 139, 1057. 

21 a) S. Karuppannan and J.-C. Chambron, Chem.-Asian J., 2011, 

6, 964; b) T. Ahn, J. S. Kim, H. I. Choi and C. H. Yun, Anal. 

Biochem., 2002, 306, 247. 

Page 4 of 5Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

22 a) Y. Li, H.-W. Li, L.-J. Ma, Y.-Q. Dang and Y. Wu, Chem. 

Commun., 2010, 46, 3768; b) N. Xu, Y. Li, H.-W. Li and Y. Wu, 
Chem. Lett., 2013, 42, 1528. 

23 J. Chen, D. Liao, Y. Wang, H. Zhou, W. Li and C. Yu, Org. Lett., 

2013, 15, 2132. 
 

Page 5 of 5 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t


