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Fluorescent microsphere probe for rapid qualitative
and quantitative detection of trypsin activity
Liping Song,†af Lei Zhang,†a Kai Xu,†d Youju Huang, *ac Pan Gao,b Haiyan Fang,b
Jiawei Zhang, a Zhihong Nie e and Tao Chen *af
Current technologies still face a big challenge to achieve simultaneous rapid qualitative and quantitative
detection of trypsin. In our present study, we developed a simple and eﬀective strategy to sensitively,
qualitatively and quantitatively analyze the activity of trypsin using a ﬂuorescent polystyrene (PS)
microsphere probe. PS spheres were ﬁrst functionalized by the surface coating of polyethylene glycol
(PEG), which could signiﬁcantly decrease the possibility of nonspeciﬁc physical adsorption of the
ﬂuorescein isothiocyanate isomer-modiﬁed peptide (peptide-FITC). Then, the obtained PS-PEG spheres
were chemically interacted with peptide-FITC, which were then employed to monitor the real-time
activity of trypsin. The peptide used in our work contained rich lysine and arginine residues, which were
the recognition sites of trypsin. When trypsin interacted with the PS-FITC-peptide microspheres, the
peptide-FITC rapidly decomposed into free small fragments in solution, resulting in a gradual decrease in
the ﬂuorescence of the PS spheres. By taking advantage of the ﬂuorescence changes using confocal
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microscopy imaging and ﬂuorescence spectrum intensity, it is easy to achieve the qualitative and

DOI: 10.1039/c8na00111a

selectivity. Thus, the designed ﬂuorescent PS microsphere probe would be very promising in various
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applications such as food safety inspection, personal healthcare and on-site environmental monitoring.

quantitative detection of trypsin, with a highly sensitive detection limit as low as 0.5 ng mL1 and high

1. Introduction
Trypsin, engendered by the pancreas, is a proteolytic enzyme
with considerable practical signicance to pancreatic exocrine
function.1,2 Compared to other proteolytic enzymes, trypsin
possesses remarkable merits in fundamental research and
practical applications. In biological systems, trypsin plays
a critical role in targeting numerous important human recessive
diseases such as pancreatitis and cystic brosis.3 In general, the
serum trypsin concentration greatly diﬀers between pancreatic
patients and healthy individuals.4,5 Additionally, trypsin is
universally applied in food chemistry to identify proteins.6,7
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Therefore, the development of simple, selective and sensitive
methods for the detection of trypsin is highly desirable.
Traditional methods for the determination of trypsin
including enzyme-linked immunosorbent assay,8 gelatin-based
lm assay,9 and molecular imprinting technology10–12 are
usually time-consuming and require expensive instruments.13,14
Nowadays, biosensors involving the uorescent approach15–17
and electrochemical sensors are widely applied in the detection
of trypsin due to their operational simplicity, extraordinary
sensitivity and low-cost.2,18–23 Specically, probe materials play
a signicant role in biosensors by improving the detection
eﬃciency and sensitivity owing to their uniform size,24,25
biocompatibility,26,27 and water solubility.28 For instance, Zhuo
et al. reported the detection of trypsin via a uorescence method
using DNA-stabilized silver nanocluster–peptide conjugates.22
However, conventional biosensors are oen limited in detecting
the activity and real-time changes in trypsin in certain systems,
which is possibly due to the requirement of special labels and
sophisticated instruments.5,29 Although some universal
protease activity assay methods30–32 have been proposed, the
detection process is conducted based on some indirect signal
changes, such as electrical signal14 or uorescent intensity.
Additionally, direct activity characterization and real-time
monitoring of trypsin activity still have not been implemented.33 Thus, achieving qualitative and quantitative detection for the activity of trypsin has great signicance to
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investigate biological dynamic reaction processes.3,34 Confocal
microscopy is a common tool for observing uorescence
images, which is usually applied in the eld of biological
imaging.35,36 Traditional uorescence methods for the detection
of trypsin are oen conducted based on nanoparticles or their
assemblies (size less than 200 nm), which make it impossible
for acquiring uorescence images.1,37,38
In our present study, we report a novel, rapid, and visible
uorescence sensing method to qualitatively and quantitatively
detect the trypsin activity. A peptide chain with a uorescent
probe and special cleavage sites for trypsin was induced to
monitor trypsin activity (Fig. 1). Firstly, commercial carboxylated polystyrene microspheres (PS-COOH) with a large size were
modied with a protective PEG layer to avoid the nonspecic
physical adsorption of peptide-FITC. Then, the peptide-FITC,
which is rich in lysine and arginine residues, was graed on
the PS-PEG microspheres by chemical coupling. The interaction
between peptide-FITC and trypsin could be observed by
confocal microscopy and uorescence spectroscopy, which
make it possible to achieve the qualitative and quantitative
detection of trypsin, respectively. Also, the inuence of pH and
shearing time on the detection of trypsin was systematically
investigated. Most importantly, by developing a universal
protease activity assay method, the trypsin activity is reected
intuitively in the uorescence intensity of the uorescent
images and uorescent spectra. In this case, the proposed
uorescent microsphere probe was applied for the real-time
monitoring of trypsin activity.

2.

Experimental

2.1. Materials and sample preparation
All chemicals were of analytical grade and used without further
purication. Carboxylated polystyrene microspheres (PS-COOH,
10 mm, 5 wt%), bovine serum albumin (BSA) and trypsin were
purchased from Aladdin Industrial Corporation. 1-Ethyl-3-(3-
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dimethylaminopropyl) carbodiimide (EDC, 98%) and Nhydroxysuccinimide (NHS, 98%) were purchased from SigmaAldrich Chemical Co. (St. Louis, MO, USA). Amine-PEG-amine
(average MW 2000, 95%) was purchased from J&K Chemical
Company. Phosphate buﬀer saline (PBS) was purchased from
Sigma Chemical Company (St. Louis, MO). Fluorescein isothiocyanate isomer (FITC) was purchased from Thermo Fisher.
2.2. Synthesis of PEG modied PS microsphere (PS-PEGNH2)
The surface functionalization of PS microspheres was conducted according to traditional “surface activation”34,43 with
minor modications. First, 0.5 mL of PS-COOH (1 g mL1) was
dispersed in 4.5 mL deionized water. Then, 226 mL 75 mM EDC
and 15 mM NHS (13 mL) were added into the aforementioned
solution sequentially between 10 s and 30 min. The resultant
solution was centrifuged (7000 rpm, 10 min) to remove the
residue. The obtained active PS-COOH solution was redispersed
in 5 mL sodium phosphate buﬀer (10 mM, pH 8.0). Then, 1 mL
NH2-PEG-NH2 PBS solution (10 mM) was added to the above
solution, which was le to react overnight with mild stirring
(400 rpm), followed by centrifugal washing three times to
remove the excess NH2-PEG-NH2.
2.3. Synthesis of FITC modied peptide
The peptide solution (2 mg mL1, 0.1 M sodium carbonate, pH
9.0) was rstly prepared. Fresh FITC was dissolved in DMSO at
a concentration of 1 mg mL1 in a darkened lab. Then, the FITC
solution (50 to 100 mL) was slowly added to the protein solution
with gentle stirring, and was le to react for at least 8 h at 4  C in
the dark. The reaction was quenched by the addition of
ammonium chloride to a nal concentration of 50 mM. Some
protocols are also included at this point such as the addition of
0.1% xylene cylanol and 5% glycerol as a photon absorber and
uorescence stabilizer, respectively. The mixture is le to react
for a further 2 h to stop the reaction by blocking the remaining
isothiocyanate groups. The derivative is puried by gel ltration
using PBS buﬀer or another suitable buﬀer for the particular
protein being modied. To obtain complete separation, the
column size should be 15 to 20 times the size of the applied
sample.
2.4. Synthesis of peptide-modied PS-PEG (PS-PEG-Pep)

Fig. 1 Schematic illustration of the PS-PEG-Pep-based trypsin
determination biosensor.
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The procedure to obtain PS-PEG-Pep was the same as that for
the preparation of PS-PEG-NH2. Firstly, 0.5 mL of peptide-FITCCOOH (3 mg mL1) was diluted to 4.5 mL with deionized water.
Then 75 mM EDC (226 mL) and 15 mM NHS (13 mL) were added
to the aforementioned solution successively between 10 s and
30 min. The resultant solution was centrifuged (7000 rpm, 10
min) to remove the residue. The obtained active peptide-FITCCOOH solution was redispersed in 5 mL sodium phosphate
buﬀer (10 mM, pH 8.0). Then, 1 mL PS-PEG-NH2 PBS solution
(10 mM) was added to the above mixture to react for 2 h under
mild stirring (400 rpm), followed by centrifugal washing three
times to remove the excess PS-PEG-NH2.
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1 mL PS-PEG-Pep (2 mg mL ) solution was dissolved in 10 mL
PBS solution (10 mM, pH 7.4). Trypsin solution with a certain
concentration was prepared by dissolving trypsin power in PBS
solution (10 mM, pH 7.4). A certain amount of trypsin solution
was added to the prepared PS-PEG-Pep solution and stirred at
37  C for 1 h. Aer centrifugation, the dispersion was characterized using confocal microscopy images. Additionally,
a shearing experiment by changing the shearing pH and time
was also conducted similar to the above steps.
Enzyme shearing experiments for the inactive enzyme and BSA
were also conducted as references. The inactive enzyme was obtained by heating trypsin at 50  C for 1 h. The testing conditions
were kept the same as that for trypsin. Aer centrifugation, the
dispersion was detected using confocal microscopy images.
2.6. Characterization
Transmission electron microscopy (TEM) was performed on
a JEOL JEM-2100F instrument operating at 200 kV. Scanning
electron microscopy (SEM) measurements were carried out on
a JEOL JMS-6700F scanning microscope. Confocal microscopy
images were acquired with a FluoView FV1000 Confocal
Microscope (Olympus).

3.

Results and discussion

3.1. Characterization of uorescent microsphere probe
PS-COOH was commercially obtained and monodispersed with
an average diameter of 10 mm (Fig. 2A). This large particle was

(A) SEM image of the commercial PS-COOH (the inset is the local
enlarged image of PS-COOH), (B) SEM image of the commercial PSPEG-NH2 (the inset is the local enlarged image of PS-PEG-NH2), (C)
ﬂuorescence image of PS-PEG-Pep under a dark ﬁeld and (D) zeta
potential of PS-COOH (a), PS-PEG-NH2 (b) and PS-PEG-Pep-COOH (c).
Fig. 2
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chosen as the probe carrier because of two prominent advantages: (1) its large area provides possibility for loading more
peptide-FITC and makes it more convenient for separation and
(2) its large particle with average size of 10 mm makes it possible
for visually monitoring the enzyme cleavage processes. As
a protective shell and bridge between the PS microspheres and
peptide-FITC, NH2-PEG-NH2 was graed on the surface of the
PS-COOH microspheres via an amide bond.39 Actually, the PEG
coating was the dominant part for reducing nonspecic physical adsorption. As shown in Fig. 2A (inset), the rough and
hydrophobic surface of PS was clearly visible due to its large
size.40,41 The PEG shell eﬀectively lled the grooves of the
surface of the PS microspheres and further prevented the
nonspecic adsorption of peptide-FITC. As shown in Fig. 2B
and the inset, the surface became visibly smooth and the
thickness of PEG was about 80 nm aer PEG coating. As a result,
the peptide-FITC could not invade the grooves on the surface of
the PS spheres and the nonspecic physical adsorption was
drastically reduced. In addition, PS-PEG-Pep-FITC was prepared
using a similar amide bond method. As shown in Fig. 2C, the
PS-PEG-Pep microspheres exhibited bright green uorescence
under a dark eld, which directly conrmed that polypeptide
was successfully graed onto the PS-PEG microspheres.
Importantly, there was almost no uorescent residue in the
background solution. Furthermore, the obvious potential
changes of PS-COOH, PS-PEG-NH2 and PS-PEG-Pep-FITC-COOH
are exhibited in Fig. 2D, which further conrmed the successful
graing of peptide-FITC on the PS-PEG microspheres.
3.2. Eﬀect of purication on uorescent imaging
Herein, some control experiments were conducted to verify
the eﬀect of the washing conditions and PEG coating on
activity detection. Firstly, PEG and peptide-FITC were physically mixed with PS (Fig. 3A, A0 , B and B0 ) or PS-PEG (Fig. 3C
and C0 ) as control experiments and then observed their corresponding uorescence images. As shown in Fig. 3A and A0 , it
is clear that there is a high amount of FITC residue on the
surface of the PS spheres and in the solution aer washing
with water and ethanol. Aer washing with water, ethanol and
NaOH solution (0.1 M), the background uorescence signicantly decreased (Fig. 3B and B0 ). This is because the alkaline
conditions make the carboxylated surface of FITC protonated,
which helps the dissociated peptide-FITC to dissolve.
However, there was still a large amount of FITC residue on the
surface of the PS spheres, which makes them inaccurate for
uorescent detection (Fig. 3B0 ). Hence, it is diﬃcult to clean
the uorophore on the surface of PS attached by physical
adsorption. As shown in Fig. 3C and C0 , the uorescence
intensity of the background solution was much higher than
the PS-PEG microspheres. Besides, there was only a small
amount of FITC residue aer washing in the measured solution with PEG coating, which means that the excess peptideFITC was drastically removed. These results implied that the
alkaline washing conditions are more favorable to the system,
while the PEG coating is benecial to avoid non-specic
adsorption, which is of great signicance for the qualitative
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Fig. 3 PS-COOH mixed with FITC-Pep before (A) and after (A0 )
washing with water and ethanol; PS-COOH mixed with FITC-Pep
before (B) and after (B0 ) washing with water, ethanol and NaOH solution (0.1 M); PS-PEG mixed with FITC-Pep before (C) and after (C0 )
washing with water, ethanol and NaOH solution (0.1 M). Scale bar is
50 mm.

and quantitative detection of trypsin based on uorescence
changes.

3.3. Eﬀect of pH and reaction time
It has been well-documented that the pH environment and
shearing time have great inuence on the shearing reaction.
Thus, to determine the inuence and optimize the reaction
condition, the shearing experiment was conducted under
diﬀerent pH values and a series of shearing times. Aer the
shearing reaction, the luminescence of the supernatant solution was analyzed, and the results are shown in Fig. 4A and B. In
an acidic environment, the uorescence intensity of the PS-PEGPep supernatant (considering the large size of the PS spheres,

Fig. 4 Fluorescence emission spectra (A) and histogram (B) of the

ﬂuorescence intensity of the supernatant of PS-PEG-Pep after
cleavage by trypsin (2 mg mL1, 1 h) under diﬀerent pH environments;
(C) ﬂuorescence emission spectra of PS-PEG-Pep after cleavage by
trypsin (2 mg mL1, pH ¼ 7.4) at diﬀerent times and (D) relationship
between the ﬂuorescence intensity and cleavage time.
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all the uorescent intensity data in this study were acquired
from the PS-pep-FITC supernatant) aer cleavage was relatively
low compared to that in a high pH environment. Generally, the
charge density of the peptide10 is the most important parameter
that aﬀects the pH environment, which leads to diﬀerent electrostatic attractions or repulsions. With an increase in pH, the
buried cysteine residues of the peptide are exposed, and show
positive eﬀect on the shearing reaction.42 This result implied
that the increase in pH led to weakening of the interaction
between Pep-FITC and PS-PEG, which is possibly because
deprotonation caused Pep-FITC to have higher aﬃnity for
aqueous solution.43 This is in accordance with previous
study,44,45 in which the uorescent intensity of FITC acted as
a signal for pH detection. However, it is well known that the
uorescent intensity of FITC can be increased at higher pH,46
especially around pH ¼ 8. For simulating the biological environment47 and reducing the inuence of uorescence changes
in FITC, a weakly alkaline environment (pH ¼ 7.4) was applied
in our system. Furthermore, the eﬀect of shearing time was also
investigated by tuning the shearing reaction at diﬀerent time
frame (Fig. 4C and D). The uorescence intensity of the PS-PEGPep supernatant increased with an increase in shearing time.
When the shearing time reached 1 h or above, smaller changes
could be seen in the uorescence intensity, which indicated
that the cleavage was balanced at this point. Therefore, the
shearing stability time was determined to be an hour.

3.4. Measurement of trypsin activity
In order to detect the activity of trypsin, the peptide-FITC, which
is rich in lysine and arginine residues, was used here to perform
the modied universal protease activity assay method. Noting
that the activity detection method made a great diﬀerence
compared to the traditional protease activity assay, in which
simple numerical value (uorescent intensity32 and current
signal5) changes are monitored. Due to its large size, uorescent
images could be also acquired to monitor the real-time activity
of trypsin. The cleavage condition was mild and simple (Fig. 5).
With an increase in the concentration of trypsin, the polypeptides were cut into segments accompanied with the
detachment of their uorescent pieces, which led to a decrease
in uorescent molecules (Fig. 5A). The uorescence microscopy
images of four representative trypsin concentrations were
shown in Fig. 5B–E. The uorescent microspheres were clearly
visible before cleavage. It is worth emphasizing that the uorescent intensity of the four uorescence microscopy images
showed a distinct trend of gradual decrease. Furthermore, only
weak uorescence was barely visible aer cleavage by excess
trypsin (2 mg mL1, Fig. 5E).4,5,13 In this case, we induced the
large particles to achieve quantitative monitoring within the
operable range of the confocal microscope. In other words, this
uorescent microsphere probe makes it possible for the qualitative real-time monitoring of trypsin activity.
In addition to the rapid qualitative monitoring, this method
is also suitable for sensitive quantitative detection. As shown in
Fig. 5F and G, the uorescence peak at around 522 nm was the
characteristic band of FITC.48 The uorescence intensity can be
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (A) Schematic illustration of the cleavage procedure with BSA
and trypsin treated with high temperature (50  C); (B) ﬂuorescence
image of peptide-modiﬁed PS-PEG before (A) and after cleavage with
BSA (C) and trypsin (D) treated with high temperature (50  C).

Fig. 5 (A) Schematic illustration of the amino acid sequence in the
peptide and the change in PS-PEG-Pep during the cleavage procedure
with an increasing concentration of trypsin; Fluorescence image of
PS-PEG-Pep cleavage with diﬀerent concentrations (B), 0.1 ng mL1;
(C) 100 ng mL1; (D) 5 mg mL1; and (E) 2 mg mL1; (F) ﬂuorescence
emission spectra of peptide-modiﬁed PS-PEG after cleavage by trypsin
with diﬀerent concentrations and (G) calibration curves corresponding
to the analysis of trypsin with diﬀerent concentrations.

used to quantitatively detect the activity of trypsin. With an
increase in the concentration of trypsin, the uorescence intensity
of the supernatant increased gradually. As shown in Fig. 5G, the
detection limit is as low as 0.5 ng mL1, which was lower than
some reported methods.10,32,49 In addition, the uorescence
intensity of the supernatant exhibited a linear relationship with
the concentration of trypsin in the range of 0.5–20 ng mL1 (inset
of Fig. 5G). Furthermore, when the concentration of trypsin was
higher than 50 mg mL1, the uorescence intensity of the supernatant remained unchanged. This was because the amount of
trypsin was in excess and most peptide-FITC was sheared, which
is in accordance with previous reports.50
3.5. Selectivity of the uorescent microsphere probe
It is of great importance for biosensors to possess good selectivity. Herein, the selectivity of the uorescent microsphere
probe was veried using BSA and inactive trypsin to replace
trypsin (Fig. 6). To make it inactive, trypsin was handled in
advance in a high temperature environment (50  C) for about
1 h. Inactive trypsin was added into the microsphere probe
dispersion, and there was no obvious uorescence intensity
change before and aer the reaction (Fig. 6B–D). The results
illustrated that the inactive trypsin lost its active function and
did not interact with peptide-FITC.51 BSA has no specicity to
identify the sites of lysine or arginine amino acid residues. As
a consequence, peptide-FITC was not sheared by BSA and the
uorescence intensity never changed. There was no obvious
uorescence intensity change before and aer cleavage by BSA.
These results are also an indirect explanation for the successful
activity detection based on the uorescent microsphere probe.
This journal is © The Royal Society of Chemistry 2018

4. Conclusions
In summary, a novel uorescent microsphere probe was developed to qualitatively and quantitatively measure the activity of
trypsin by monitoring the shearing reaction between peptideFITC and trypsin. The PS-PEG spheres, which were designed
to avoid nonspecic physical adsorption, were modied with
peptide-FITC using the universal “surface activation” strategy.
The uorescent microsphere probe (PS-PEG-peptide-FITC)
successfully achieved highly sensitive detection of the activity
of trypsin. The detection limit was as low as 0.5 ng mL1. By
taking advantage of the large size of PS-PEG-peptide-FITC, the
activity of trypsin could be rapidly and qualitatively detected
within 10 min by confocal microscopy. Furthermore, the uorescent microsphere probe showed high selectivity for active
trypsin. Therefore, this PS-PEG-Pep-based biosensor provides
a sensitive, rapid and simple strategy for the detection of active
trypsin.
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