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ABSTRACT 

Lipase is a neglected enzyme in the field of quantum dots-based enzyme assays. We 

have developed a novel analytical assay to detect the lipase activity based on the 

enzyme-regulated quantum dots growth in situ. Catalytic hydrolytic cleavage of the 

ester bond in methyl thioglycolate (METG) will produce mercaptoacetate, and Na2S 

interacts with Cd(NO3)2 to give CdS nanocrystals stabilized by mercaptoacetate. The 

fluorescence intensity changes, which depending on the absence or presence of lipase, 

could be used to sense the lipase activity. The detection limit (3σ) as low as 1.2× 10
 −2 

mg mL
–1

 with a linear range from 0.05 to 1.6 mg mL
–1

 was achieved. A preliminary 

enzyme activity screening was carried out for four commercial purchased lipase 

samples, and the results are consistent with ones obtained from titration assay. 

Moreover, we applied this method to detecting lipase activity in fermentation broth of 

Bacillus subtilis without any pretreatment. The reported methodology shows potential 

applications for the development of a simple and inexpensive assay for the hydrolysis 

enzymes. 
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1 Introduction 

Lipase (E.C.3.1.1.3) has been found to be able to catalyze various hydrolytic and 

synthetic reactions concerning ester bonds, using nature and synthetic substrates in 

aqueous and non-aqueous phases and has been widely applied as versatile biocatalysts 

for ester synthesis, hydrolysis, and interesterification, which makes lipases a good 

choice for potential applications in the clinic medicine and biochemical engineerings. 

1-5 
As the value of lipases continues to grow, development of the high-sensitivity 

detection methods that can determine their activity and kinetic parameters is of great 

importance in the development of novel pharmaceuticals and medical diagnostic 

devices. It is also important in the biochemical engineering to develop lipases 

screening tools that can be used to search for the best performance with respect to 

specific property. The traditional procedures to assay lipase activity, such as titrimetry,
 

6
 turbidimetry,

 7 
are tedious and time consuming, and some of instrumental methods, 

including HPLC,
 8 

GC,
 9

 electrochemical methods,
 10, 11

 require either expert operators 

or expensive instruments and reagents.  

Nanoparticles can be used as signal transducers for biosensors because of their 

remarkable versatility in biological and medical applications, 
12-14 

which „will not only 

yield improved biological sensing but also provide a step change in our ability to 

probe the biomolecular realm‟.
15 

The nanoparticle-based biosensors have now made it 

possible to measure minute changes in enzyme activity with high accuracy and 

precision. However, the nanoparticle-based lipase activity assay is still a virgin 

ground which has rarely been considered for enzyme assays, because the lipase has 
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not been thoroughly characterized with respect to its biochemical identity and 

enzymatic catalyzing mechanism.
1
 A focus on it should not only broaden the spectrum 

of nanoparticles-based enzyme assays but also stimulate the development of the 

assays for new targets.  

One of the most important advantages of the fluorescent assay is that they allow 

in vivo imaging.
16, 17 

To date, the majorities of fluorescent enzymatic probes are based 

on organic fluorophore dyes and require complicated organic synthetic procedure 

which suffered from laborious synthetic procedures, low sensitivity or complicated 

detection facilities, thus it severely restricted the extensive applications for sensitive 

and rapid lipase detection.
18, 19

 

Quantum dots (QDs) are a relatively new class of fluorophores with unique 

photophysical properties that can help address some of the deficiencies encountered 

by organic fluorophores in bioassays.
20, 21 

Pavlov and his cowork recently reported a 

series of detection of enzyme activity based on CdS QDs growth in situ, such as 

acetylcholinesterase (AChE),
 22

 phosphatase (ALP),
 23 

glucose oxidase (GOx).
 24

 

Since 2010, our group has devoted ourself to biosensors for lipase assays based 

on gold nanoparticles (GNPs) ,
25,26 

whose the surface plasma resonance (SPR) has 

been used to develop the colorimetric sensors based on Tween 20 functioned GNPs or 

one-pot nanoparticle growth. Inspired by Pavlov, we here constructed a novel 

label-free, sensitive fluorescence nanosensor for detection of lipase activity based on 

enzyme-controlled CdS QDs growth in situ. The presence of the lipase is the point, 

the lipase was just added to the solution containing METG. When the mixture solution 
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was incubated and then added the Na2S and Cd(NO3)2 , the CdS QDs were 

synthesized several minutes later. The QDs solution has significant fluorescence 

change which could be recorded by fluorescence spectrometer. The relationship 

between the lipase concentration and the fluorescence intensity makes this approach 

highly suitable for fabricating a sensitive, simple and cheap sensor for lipases. 

Furthermore, one of the most important merit is that a one-pot construction process is 

indeed realized and multiple-step modifications of the QDs when assembling a sensor 

are omitted. This simple method might be preferable to sophisticated 

nanoparticle-based enzyme assays, which require complex attachment or linking 

procedures. 

2 Experimental 

2.1 Reagents 

Cadmium nitrate (Cd(NO3)2) , sodium sulfide (Na2S) were purchased from 

Sigma-Aldrich (Shanghai, China). Mercaptoacetic acid (TGA) and Methyl 

thioglycolate (METG) were purchased from J&K Chemical Reagent Co., Ltd (Beijing, 

China). Lipase Novozyme435 (immobilized on acrylic resin) was purchased from 

Novozymes. Lipases from Candida rugosa (CRL), Pocine pancreas (PPL) and 

Rhizopus niveus (RNL), were all ordered from Sigma. Food grade lipase (SBE-01Li) 

was from Xia Sheng Industrial Group (Beijing, China). Lipase from Bacillus subtilis 

was fermented by the National Engineering Research Center for Biotechnology in 

Nanjing Tech University. Enzymatic activity assay based on formation of fluorescent 

quantum dots were performed in black 96-well microplate (WHB-bio Inc., Shanghai, 

China), at room temperature (RT). The water used during experiment was ultrapure 

water (18.2 MΩ cm
-1

). One unit of lipase hydrolyzes 1.0 µmol of METG per min at 

pH 8.0 and 35 °C. 
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2.2 Apparatus 

Transmission electron microscopy analysis was performed by using a JEOL 

JEM-1010 at accelerating voltage of 100 kV (Japan). The samples for TEM 

characterization were prepared by placing a drop of solution on a 200 mesh 

carbon-coated copper grid and left to dry in air. Zeta potential was carried out on 

PALS zeta potential analyzer ver.3.54, Brookhaven Instruments Corp. Ultrapure 

water was prepared by the Millipore Milli-Q system (Sartorius, Germany). The 

absorbance and fluorescence spectra were recorded with PerkinElmer Lambda 25 

(Thermo Scientific, USA), SpectraMax multi-mode microplate reader M3 (Silicon 

Valley, USA), respectively. 

2.3 Sensing lipase activity 

Under the optimized conditions, different concentration of lipases (from 0 to 3.0 mg 

mL
-1

)
 
were added to the solution containing 1.5 mM METG in 50 mM Tris-HCl 

buffer (pH 8.0), and the ultimate volume is 1000 μL. The resulting solution was 

incubated at 35℃ for 10 min. Then 184 μL of the solution and 10 μL of 25 mM Na2S 

and 6 μL of 100 mM Cd(NO3)2 were added to each well. Five minutes later, the 

fluorescence emission spectra were recorded in the wavelength range of 400 ~ 620 

nm (λex =350 nm). All measurements were carried out in triplicates; the error bars 

represent the standard deviation of three independent measurements. The fluorescence 

intensity of the maximum emission peak was used for the quantitative analysis of 

lipase, and the fluorescence emission spectrum demonstrates a well-shaped peak at 

510 nm which arises from excitonic emission of CdS QDs.
27
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2.4 Practical application of the strategy 

Four commercially purchased lipase samples (RNL, SBE-01Li, PPL and CRL) were 

used for verifying the practicality of this method. 2.0 mg of different commercial 

lipase was added into eppendorf tube, which contained 1.5 mM METG in 50 mM 

Tris-HCl buffer (pH 8.0), and the ultimate volume is 1000 μL. The resulting solution 

was incubated at 35℃ for 10 min. We also evaluated whether this method would 

respond to lipase in living bacterial cells using inactivated and activated fermentation 

broth of Bacillus subtilis. The enzyme activity was determined by using the protocol 

for sensing lipase activity. 

3 Results and discussion 

3.1 Sensing strategy 

Scheme 1 shows the sensing strategy for detection of lipase activity. The system 

includes Cd(NO3)2 and Na2S, methyl thioglycolate (METG) and the lipase, where 

METG was employed to act as a substrate for lipase. In the presence of lipase, the 

hydrolytic cleavage of the carboxyl ester bond in METG could produce 

mercaptoacetate, whose stabilization of in situ growing CdS crystals leads to the 

generation of fluorescent CdS QDs in the aqueous media and was followed by 

fluorescence spectroscopy. Whereas, just weak fluorescence signal was observed in 

the absence of lipase, because the substrates METG could not stabilize the CdS QDs. 

So the enzymatic hydrolysis-triggered CdS QDs growth in situ was exploited as a 

platform for fluorescent sensing.  

This strategy was performed in a 96 microtiter plate, and it is perfectly suitable 

Page 6 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



8 

for clinical and pharmaceutical application. We can identify lipase with the naked 

eye by using a commercially available UV lamp (λ=365 nm), which has distinctive 

green fluorescence (Fig. 1, inset).  

A number of control experiments were carried out to confirm the suggested 

mechanism. The main interest was to see how the lipase influenced the CdS QDs 

growth. Fig. 1 shows UV−Vis absorption and emission spectra of the CdS QDs in 

presence of the lipase. From the UV−Vis spectrum, we observed a shoulder peak at 

about 355 nm, which is explained by the excitonic transition between the electron 1S 

state and the hole 1S state in semiconductor QDs with a diameter about 2.5 nm, 

according to the work of Peng et al.
28 

On the other hand, the emission spectrum 

demonstrates a well-shaped peak at 510 nm which arises from excitonic emission of 

CdS QDs, indicating a homogeneous distribution of sizes among CdS QDs.
29 

Transmission Electron Microscopy (TEM) confirms the existence of stable CdS QDs 

in the reaction mixture (Fig. 2B), and the diameter of formed spherical CdS QDs 

appeared to be 3±1.75 nm (Fig. S1, ESI†), the main diameter is about 3 nm. When 

lipase is absent, only weak fluorescence could be observed, and the TEM image 

revealed that the morphology of the produced nanocrystals was like “nanowire” (Fig. 

2A).  

As shown in Fig. 3, the sample solutions with or without lipase were investigated 

by fluorescence spectroscopy. In the presence of lipase a significant fluorescence 

signal was detected and just weak fluorescence signals were observed in absence of 

lipase (Fig. 3, curve a, b). The inactivated lipase, which was deactivated in high 
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temperature (100 °C), was used in those control experiments to ensure the role of the 

lipase in CdS QDs growth in situ. The fluorescence intensity of the inactivated lipase 

sample solution (Fig. 3, curve c) was the same weak as that without lipase. To 

demonstrate that the fluorescence signal was caused by CdS QDs, but not by the 

intrinsic fluorescence of lipase, a control experiment was added (Fig. 3, curve d), and 

the results showed that the active lipase have no fluorescence emission in the visible 

light wavelength range, the only way to yield fluorescence in our system is the 

formation of CdS QDs, suggesting that the enzymatic hydrolysis of METG by lipase 

indeed controlled the growth of the CdS QDs. 

The control experiments were also performed with substituting compounds 

which have hydrophilic group but no carboxyl group, such as cysteamine and 

β-mercaptoethanol, to confirm the effect of the carboxyl group on the formation of 

CdS QDs. The dramatic decrease of the fluorescence intensity (Fig. 4) showed that 

the presence of amide and hydroxyl group was against the formation of fluorescent 

CdS QDs, it is consistent with the reported results.
30-32

 

The zeta potential (ζ)，which correlates with the surface charge and the local 

environment of particles, was measured (Fig. S2, ESI†). The values of the assay 

solutions were determined to be −14.25 mV and −4.52 mV depending on with and 

without lipase, demonstrating a decrease in negative charge on the surface of CdS 

nanoparticles. This implied that the negatively charged residues made by the METG 

hydrolysis could benefit the formation of CdS QDs. 

    According to the Kotov‟s theory,
 33

 we can assumed that the formation of 
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10 

nanowire is based on a crystalline nanowire spontaneously self-assembles from 

individual nanoparticles. The nanowires formed not through point-initiated vectorial 

growth but rather by the recrystallization of multiple nanoparticles in a linear 

aggregate that fused gradually into one crystal. The force capable of producing chain 

of nanocrystals is believed to be the strong long range attraction. When the lipase is 

present, the CdS nanocrystals were stabilized by mercaptoacetate anion which came 

from the hydrolytic cleavage of the carboxyl ester bond in METG, nanowires did not 

form. While when the lipase is absent, the overall decrease of the stabilizer 

concentration leads to the decrease of the overall negative charge of the nanoparticles. 

This reduces the mutual electrostatic repulsion of nanoparticles countering 

electrostatic attraction and the nanoparticles could fuse together gradually into a 

nanowire.  

3.2 Optimization of the assay conditions 

To define the optimal lipase hydrolysis incubation time, kinetic studies of the 

fluorescence intensity in the presence of various amounts of lipase were carried out 

(Fig. 5). It was found that the changes of fluorescence intensity F-F0 (where F, F0 are 

the fluorescence intensity of CdS QDs at 510 nm in the presence and absence of 

lipase, respectively) increased continuously from a time interval of 0 to 10 min. After 

10 min, the F-F0 values showed no significant changes. Therefore, 10 min was 

selected as the optimal reaction time. Besides, the rate of increase of F-F0 is 

proportional to the amount of lipase used in the assay system. This indicates that the 

parameter F-F0 can be used to determine the lipase concentration/activity. 
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Buffer solution can not only affect the fluorescence intensity of QDs, but also 

affect the interaction between lipase and METG. For this reason, it is important to 

select an appropriate buffer for assay of lipase activity. From Fig. S3 (ESI†) it can be 

seen that the fluorescence intensity is optimal, so Tris-HCl was used as buffer 

solution.  

The lipase activity was significantly affected by temperature and pH.  

Investigations were carried out to optimize the temperature and pH. The results are 

shown in (Fig. S4A and S4B, ESI†). They imply that lipase has an activity maximum 

at 35 °C and pH 8.0, which were chosen as the optimal temperature and pH values. 

 The METG concentration can increase or decrease lipase activity, depending on 

the nature of cooperativity between the enzyme and its substrate. Na2S is the sulfur 

source of CdS QDs, its concentration could also affect the size and concentration of 

CdS QDs, and then the florescence intensity. So the effect of the substrate METG 

concentration was investigated in the range of 0.375–2.25 mM (Fig. S4C, ESI†). 1.5 

mM METG was selected as the optimal concentration in the system. The influence of 

the concentration of Na2S was also explored from 0.2 to 1.5 mM Na2S. (Fig. S4D, 

ESI†). To obtain a high signal, 1.25 mM Na2S was selected. 

3.3 Sensitivity of assay 

Under the optimized conditions, the fluorescence intensity of the CdS QDs solution 

was investigated as a function of lipase concentration using fluorescence spectroscopy. 

For each concentration of lipase, the measurement was repeated three times. As 

depicted in Fig. 6A, the fluorescence excitation wavelength was 350 nm and the 
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fluorescence intensity of CdS QDs gradually increased at 510 nm with the increasing 

concentration of lipase from 0 to 3.0 mg mL
–1

. According to the calibration curve (Fig. 

6B), the fluorescence intensity of the samples has a good linear relationship with 

lipase in the concentration range from 0.05 mg mL
–1

 to 1.60 mg mL
–1

 (R
2
=0.9938). 

The detection limit (3σ) of this assay is as low as 1.2×10
–2

 mg mL
–1

. These results 

were better than our previous report based on gold nanoparticle colorimetric 

method.
25

 

3.4 Real Sample Assays 

We conducted a preliminary screening using the developed strategy to test the activity 

of four commercial purchased lipase samples (RNL, SBE-01Li, PPL and CRL). The 

fluorescence intensity in the presence of a fixed concentration (2 mg mL
–1

) of lipase 

samples was monitored within a fixed time interval (10 min). As shown in Fig.7A, the 

fluorescence intensity changes were attributed to the different lipase activities. We 

concluded that the lipase activity decreases in the following order: CRL > PPL > 

SBE-01Li > RNL. This order is consistent with the results detected with pH-stat 

method (Table S1, ESI†). It demonstrates that this assay protocol can be used as an 

alternative to conventional high throughput screening methods for lipase activity. 

The assay was also applied to fermentation broth of Bacillus subtilis, which is an 

important lipase-producing microbe.
34,35

 The supernatant of the crude sample without 

any pretreatment was incubated with METG in Tris-HCl buffer solution for 10 min, 

and then with Na2S and Cd(NO3)2. A pronounced fluorescence intensity was observed 

from Fig. 7B, but the inactivated sample solution, which was deactivated by boiling 
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(100℃), was no fluorescence signals. This indicates that this protocol provides a 

useful probing approach for real samples that usually have significant background 

noise.  

4 Conclusions 

It was discovered for the first time that lipase can catalyze the hydrolysis of 

carboxyl-containing substrates METG. The negatively charged hydrolytic product 

could benefit the formation of fluorescent CdS QDs, which can be employed to design 

novel fluorescent lipase assays. This proposed lipase assay is cost-effective, 

convenient and does not require any complicated procedures for the synthesis of 

fluorescent probes or enzymatic substrates. Even if CdS QDs cannot be used for in 

vivo detection of biomolecules due to its toxicity, 
36, 37 

QDs-based assays still have an 

advantage over many colorimetric and even FRET assays. The challenge is to replace 

CdS QDs while maintaining excellent properties. The research work is carrying on 

finding the alternatives which surpass CdS QDs in terms of optical quality and 

biofunctionalization.   
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Figure captions 

Scheme 1 Detection of lipase activity by the enzymatic modulation of fluorescent CdS QDs 

growth in situ. 

Fig. 1 UV−Vis absorption (black line) and emission (red line) spectra of CdS QDs produced by 

the enzymatic hydrolysis of METG. CdS QDs were formed in the presence of lipase (2 mg mL
-1

), 

Na2S (1.25 mM) and Cd(NO3)2 (3 mM) in Tris−HCl buffer (50 mM, pH 8.0). Inset: QDs produced 

in the absence of lipase (image on the left) and in the presence of lipase (image on the right) 

irradiated by ultraviolet lamp (λ= 365 nm).   

Fig. 2 TEM image of CdS nanoparticles in the (A) absence of lipase; (B) presence of lipase. 

Fig. 3 Emission spectra of the solutions: a) lipase + METG + Na2S + Cd(NO3)2; b) METG + Na2S 

+ Cd(NO3)2; c) inactivated lipase + METG + Na2S + Cd(NO3)2 and d) lipase. 

Fig. 4 Emission spectra of the CdS QDs formed in the prescence of the Na2S (1.25 mM),   

Cd(NO3)2 (3 mM), and TGA (1.5 mM) (a) or different thiols: β-Mercaptoethanol (b); cysteamine 

(c), and without any thiols (d).  

Fig. 5 Kinetic plots of time-dependent fluorescence intensity values versus those with different 

concentrations of lipase. 

Fig. 6 (A) Emission spectra of CdS QDs in the system containing Cd(NO3)2 (3 mM), Na2S (1.25 

mM), METG (1.5 mM), and various concentrations of lipase: (a) 0 mg mL
-1

; (b) 0.05 mg mL
-1

; (c) 

0.2 mg mL
-1

;(d) 0.4 mg mL
-1

; (e) 0.6 mg mL
-1

;(f) 0.8 mg mL
-1

; (g) 1.0 mg mL
-1

; (h) 1.2 mg mL
-1

; 

(i) 1.4 mg mL
-1

; (j) 1.6 mg mL
-1

; (k) 1.8 mg mL
-1

; (l) 2.0 mg mL
-1

; (m) 2.5 mg mL
-1

; (n) 3.0 mg 

mL
-1

; (B) Calibration curve of lipase at λ=510 nm (n=3). 

Fig.7 (A) Plot of the values of fluorescence intensity upon the addition of a fixed concentration (2 
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mg mL
–1

) of commercial lipase samples, respectively, and within an interval of 10 min; (B) The 

fluorescence intensity of the formed CdS QDs upon adding (a) activated and (b) inactivated 

fermentation broth of Bacillus subtilis. 
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Scheme 1 80×128 mm (600×600 DPI) 

 

 

 

 

 

 

 

 

 

 

 

 

Page 19 of 27 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



20 

 

 

 

Fig. 1 80×103 mm (600×600 DPI) 
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Fig. 2 50×146 mm (600×600 DPI) 
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Fig. 3 80×116 mm (600×600 DPI) 
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Fig. 4 80×114 mm (600×600 DPI) 
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Fig. 5 80×114 mm (600×600 DPI) 
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Fig. 6 57×154 mm (600×600 DPI) 
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Fig. 7 50×133 mm (600×600 DPI) 
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Graphic abstract 

 

 

 

 

47.5 ×85mm (300× 300 DPI) 

A novel analytical assay to detect the lipase activity based on the enzyme-regulated 

quantum dots growth in situ. 
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